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Abstract  
Medicago sativa is one of the most produced perennial forage crops in Canada. Drought 
stress is a major form of abiotic stress affecting the productivity and annual yield of alfalfa. 
A small noncoding RNA, miR156 has a role in abiotic stress tolerance, while regulating 
downstream SPL genes. In this study, whole leaf proteome and amino acid concentrations 
of miR156OE (A8) genotype of alfalfa under drought stress were quantified. Using 
MaxQuant, 3,000 proteins groups were identified when searched against the Medicago 
truncatula protein sequence database. Gene ontology analysis showed that enriched 
proteins were involved in biological and molecular processes such as antioxidant response, 
response to stress, abscisic acid signaling, and biosynthesis of secondary metabolites. 
These proteins/pathways might be involved in enhancing drought stress tolerance mediated 
by miR156. This study provides a better understanding and an insight into the role of 
miR156 in drought stress tolerance in alfalfa.  
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1: Introduction   
 
1.1  Importance of alfalfa   
Medicago sativa is one of the most important perennial legume crops, estimated to be 
grown on 30 million hectares of land worldwide (Annicchiarico et al., 2015). In Canada, 
alfalfa was estimated to be grown on 3.7 million ha on over 61000 farms in 2016 (Statistics 
Canada, 2018). The genus Medicago consists of 87 species, including alfalfa, primarily 
known as forages and fodder crops. Alfalfa is known as “Queen of forages” for its high 
yield capacity, versatility to grow in different environments ranging from hot deserts to 
cold mountains, and excellent feeding quality (Putnam, 2001). Other than forage crop, it is 
also used as a biofuel, bioremediation and biological factory to produce pharmaceuticals 
like monoclonal antibodies, industrial proteins, and enzymes such as alpha-amylase, 
cellulase and lignin peroxidase (Tanweer et al., 2018).  
The most important characteristic of alfalfa as animal feed is its high nutritional value. 
Alfalfa hay contains 16-20 % crude protein, important minerals and ten different types of 
vitamins (Tanweer et al., 2018). Protein is made of both essential and non essential amino 
acids. Non essential amino acids can be synthesized in humans and animal body, however 
essential amino acids must be taken through diet. These are arginine, histidine, isoleucine, 
leucine, lysine, methionine, phenylalanine, threonine, tryptophan and valine. Limited 
supply of any amino acids limits the availability of whole protein to animals. Lysine is 
considered as first limiting amino acid that is usually not found in high amounts in many 
foods (Shai and Gad, 2008). However, alfalfa is considered excellent feed because it 
contains at least six essential amino acids including lysine, methionine and threonine. 
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Alfalfa is also consumed by humans in the form of sprouts, which are again highly 
nutritious. Other important characteristic of alfalfa is low fiber content, hence can be 
digested better than other forage crops (Balliette and Torell, 2009).   
Alfalfa roots are estimated to be 2-3 m long and sometimes grows to a depth of 15 m 
reaching the groundwater. Alfalfa roots are reported deepest compared to other cultivated 
crops like maize, wheat, and oilseed (Fan et al., 2016). Due to its long roots, alfalfa has 
better access to groundwater, that reduces the irrigation requirements. Again, because of 
long roots, it can absorb contaminants from the soil and prevent nitrate leaching. Alfalfa 
has excellent water use efficiency, which is defined as the amount of water used in plant 
metabolism or biomass production (Putnam, 2001) and calculated as the ratio of water used 
to produce biomass to water lost through transpiration. This is a very important factor in 
modern farming, where water resources are limited.  
In general, to increase biomass production, crops need nutrients in the form of fertilizers 
and N is one of the important components for the growth of the crops. In 2011, it was 
reported that commercial fertilizers were applied on 29 million hectares of land in Canada. 
This adds extra cost to farmers. However, alfalfa as a legume crop eliminates the use of 
fertilizers because of its ability to fix atmospheric nitrogen, in association with symbiotic 
Sinorhizobium meliloti bacteria (Small, 2011). It is estimated to fix around 120 to 540 lbs 
of N per acre per year (Putnam, 2001). Additionally, alfalfa is also used as cover crop and 
is beneficial in crop rotation practices which is an important aspect of sustainable 
agriculture. As a cover crop it has a role in preventing the soil erosion by holding the soil 
in place, and water runoff due to its deep rooting system which allows increased water 
infiltration, biological activity in roots and improved nutrient cycling (Putnam, 2001; 
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Gabriel et al., 2013; Small, 2011). It is also used as green manure and hence replenish the 
soil and improves soil fertility. It has a very important role in crop rotation by suppressing 
the growth of undesirable common weeds due to its vigorous canopy, which shades the 
weeds and hinders their growth (Small, 2011). It is reported that, with the crop rotation 
system, the yield of the crops increases by 10% compared to the crops grown in 
monoculture (Nevens and Reheul, 2001).  
 1.2  Alfalfa improvement  
Alfalfa breeding has always been a focus of researchers to introduce varieties with 
enhanced traits, such as higher yield, reduced anti-quality traits, inefficient nutrient 
utilization, poor digestibility, resistance to biotic and abiotic stresses. However, due to the 
ineffectiveness of conventional breeding programs, which are time-consuming and labor 
intensive, researchers use modern technologies like genetic engineering, transformation 
using Agrobacterium to make transgenic varieties.   
Weeds are a serious economic threat to alfalfa. They directly affect forage quality by 
reducing protein content. This is a consequence of the competition between the weed and 
alfalfa for the same nutrient resources for the growth and development. Weeds can be 
divided into annual, biennial and perennial weeds depending on their life cycles, and they 
can be broadleaf or grassy weeds. There are also some poisonous weeds which are harmful 
to livestock and are unmarketable (Canevari et al., 2007). Among the poisonous weeds, 
oleander (Nerium oleander), foxtail (Hordeum murimum L.) and bristly oxtongue (Picris 
echioides) are found in alfalfa hay. Another type of weed is an annual parasitic weed, like 
dodder (Cuscuta), that reduces the yield production of alfalfa by 20 % (Cole, 1985; 
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Tanweer et al., 2018). In 1970, Monsanto discovered a broad range herbicide named 
glyphosate which can control many weeds. However, with increased resistance to this 
herbicide, glyphosate-resistant alfalfa was released in 2005 by Forage Genetics 
International (FGI) and was planted in the following year. In recent times, the glyphosate-
resistant variety HarvXtraTM has been available in the U.S. market and is highly accepted 
by the farmers for its reduced lignin content, high digestibility rate, and high yield capacity 
(Gallego-Giraldo et al., 2011; 2014).  
The quality of forage crop and yield production is also compromised by the presence of 
insects and pests in alfalfa fields. Most common insects attacking alfalfa are weevil 
(Hypera postica G.) alfalfa aphid (Theriosphis maculate B.) blue alfalfa aphid 
(Acyrthosipho kondoi S.) and potato leaf hopper (Empoasca fabae H.) (Liu et al., 2008). 
Modern biotechnological methods, like embryo rescue and somatic hybridization, have 
been used to produce insect resistant varieties. Somatic hybrids of M. sativa and M. falcata 
were produced by the polyethylene glycol (PEG) mediated protoplast fusion method 
(Mendis et al., 1991). Furthermore, genetic transformation of alfalfa with Bt (Bacillus 
thuringiensis) gene proved beneficial against insects in various studies. When the Cry1C 
gene, that encodes for Bt crystalline protein, was expressed in alfalfa, the mutant genotype 
showed resistance towards weevil (Hypera postica G.) and beet armyworm by producing 
a Bt endotoxin while the wildtype was susceptible (Strizhov et al., 1996). In the U.S., a 
20% loss of alfalfa hay crop has been reported due to different diseases caused by bacterial 
and fungal pathogens. Anthracnose caused by Colletotrichum trifolii negatively affects the 
forage quality and yield in alfalfa. In one of the studies, alfalfa transformed by the RCT1 
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(RESISTANCE to C. trifolii RACE 1) gene that codes for R protein showed a potential 
resistance to fungus C. trifolii (Yang et al., 2008).   
Fiber content and digestibility are important factors when it comes to choosing the best 
forage crop. Digestibility in ruminants is linked to the cell wall components of the crop, 
like lignin, and alfalfa has a higher lignin proportion than other forage crops. Transgenic 
alfalfa plants were produced by identifying lignin biosynthetic pathway genes and 
downregulating them to enhance the digestibility of the crop (Baucher et al., 1999). Reddy 
et al. (2005) developed transgenic alfalfa lines, which expressed cytochrome 450 enzymes, 
that had an altered lignin content and increased rumen digestibility. Also, transgenic alfalfa 
lines were generated with downregulated caffeoyl-CoA 3-O-methyltransferase, also 
having a lower lignin content (Guo et al., 2001). Other harmful compounds that can be 
present in forage crops are saponins, tannins, nitrates, alkaloids, and phytooestrogens. 
These compounds interfere with the efficient utilization of proteins in the rumen and cause 
bloating in animals.  
Environmental stresses such as drought stress, winter hardiness, and salinity stress have 
devastating effects on plant growth and development (Pandey et al., 2017). In recent years, 
plant biologists have been studying the molecular pathways, morphological variations, and 
metabolism in crops under stress conditions and providing insight to improve varieties. 
McKersie et al. (2000) produced transgenic plants by altering the SUPEROXIDE 
DISMUTASE (SOD) gene, resulting in improved winter survival and high productivity. 
Also, lines with improved tolerance to acid and aluminum toxicity were developed by 
expressing a malate dehydrogenase gene (Tesfaye et al., 2001). Wang et al. (2014) 
expressed an Arabidopsis NUCLEOSIDE DIPHOSPHATE KINASE 2 (AtNDPK2) gene in 
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alfalfa and produced a line which was tolerant to high temperature and drought stress. Even 
though researchers were able to produce some stress tolerant varieties for alfalfa, they were 
only successful locally. These varieties were highly susceptible when used in different 
locations with different environmental conditions (Volenec et al., 2002), hence, there is a 
great need to produce varieties those can be used globally with continuous changing 
environmental conditions which are expected to be worse in near future in terms of 
increased abiotic stress (USGCRP, 2014; USDA., 2016).  
 1.3  Plant drought stress  
Drought is one of the most prevailing environmental stresses around the globe. It is defined 
as scarcity of water available to plants, due to several reasons such as changed rainfall 
patterns. Drought stress has a negative impact on the growth, development and the yield of 
the crop which can be reduced by more than 50% (Boyer, 1982; Bray et al., 2000). Drought 
intervenes with the normal biochemical and physiological processes in plants like 
photosynthesis, assimilate partitioning, nutrient and water relations (Wang et al., 2001; 
Farooq et al., 2008; Jaleel et al., 2008). Continuous emission of greenhouse gases has 
altered the global climate and will be continuing to do in the future (Allen et al., 2010). It 
is estimated that the global mean temperature has increased about 0.5°C since 1970 
(Solomon et al., 2007) and it is expected to rise by another 2-4 °C, that will cause drying, 
extreme drought conditions, and heat waves (Christensen et al., 2007). In an overview 
published in 2010, researchers have explained the data for world’s tree mortality in the 
forests, due to reduced water and heat stress condition in last few decades (Allen et al., 
2010). In North America, approx 20 million ha of land and many tree species were affected 
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by drought and warmth in the past decade (Kennethh F. Raffa, 2008). In the last few years, 
drought was observed in Canadian prairies which are associated with high tree mortality 
rate. In the future, prairie like conditions are expected to extend towards Western Canada 
and southern boreal forests (Cook et al., 2007), which will be a serious threat to the crops 
including alfalfa grown in Canada.   
In 2012, there was major economic loss due to a reduction in crop production under drought 
stress conditions, that included the loss of 23 billion dollars in the U.S. and 6.8 billion 
dollars in Argentina and the loss of 1.2 billion dollars in Australia was estimated (Statista., 
2012). In the time period of 1961-2014, over the globe, 1.4 % of cereal crop production, 
0.6% of pulses, 0.5% of oilseeds, 0.2% fruits and 0.09% of vegetables were lost due to 
drought stress (Mehrabi and Ramankutty, 2017).   
Drought stress tolerance has been studied in almost all crop plants and it was shown that 
the potential to cope with drought stress varies from species to species as plants have 
evolved and developed mechanisms to cope with environmental challenges (Zhu, 2001). 
A typical plant response to drought stress includes a physiological response, a biochemical 
response, and a molecular response (Ahmad Anjum et al., 2011). In the physiological 
response, plants accumulate compatible osmolytes like proline, glycine betaine and sugars 
in response to water stress. This helps in maintaining the integrity of the plant during 
osmotic adjustments. These solutes help in maintaining the cell turgor and driving gradient 
for better water uptake (Bray, 1997; Yancey, 2001). Proline is one of the most important 
solutes associated with drought stress, accumulate in the plants, while glutamate is 
converted into Pyrroline-5-Carboxylate (P5C) catalyzed by enzyme P5C Synthase (P5CS) 
and followed by the conversion of P5C into proline (Yoshiba et al., 1997). In one of the 
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studies, overexpression of P5CS gene in tobacco increased the production of proline 10-
15-fold with a higher survival rate during salt stress (Kishor et al., 1995).  
In the biochemical response, antioxidants are produced in response to reactive oxygen 
species (ROS) that are increased during stress (Mittler, 2002). Stresses like drought stress, 
cold, heat shock, ultraviolet radiation, air pollutants, and nutrient deprivation lead to 
oxidative stress in plants. Reactive oxygen species are produced in the plant as a natural 
by-product of oxygen metabolism and have an important role in cell signaling. However, 
in the presence of stresses, ROS dramatically increases and cause serious damage to nucleic 
acids (Jena, 2012), proteins, cell membrane and cell organelles (Stark, 2005). Plant cells 
have both enzymatic and non-enzymatic antioxidant defense systems (Mittler, 2002; Miller 
et al., 2010). The enzymatic antioxidants that are produced in response to stress are 
ascorbate peroxidase (APX), SOD, and catalase (CAT). Firstly, SOD converts O2
.- to H2O2 
and later CAT and APX converts H2O2 into H2O in a subsequent reaction. The major 
nonenzymatic antioxidants are reduced glutathione (GSH), ascorbate (vitamin C), 
carotenoids, vitamin E and flavonoids, which help in scavenging of ROS (Ahmad et al., 
2010). To prevent the damage caused by ROS during stress, plants undergo certain 
morphological changes such as leaf movement and curling, development of the refracting 
epidermis and hiding of the stomata in specialized structures. Also, changes in the 
molecular mechanisms like the rearrangement of the photosynthetic apparatus and its 
antennae according to the light intensity to repress the photosynthesis. These mechanisms 
might help in avoiding the overproduction of ROS during the onset of stress (Mittler, 
2002). Transgenic tobacco overexpressing chloroplastic Cu/Zn-SOD showed resistance to 
oxidative stress in high light and low-temperature stress (Gupta et al., 1993). Also, 
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transgenic alfalfa expressing MnSOD survived better in water deficit stress and winter 
hardiness (McKersie et al., 1996).   
Signaling plays a very important role in a cascade that changes the gene expression and 
hence alters plant response. The mechanism of signal transduction in plants is well studied. 
MAP kinases, calcium-dependent protein kinases, SNF-1-like kinases, and phosphatases 
are the important components of plant signaling response under water deficit. These 
kinases and phosphatases have a very crucial role in phosphorylation and 
dephosphorylation of proteins respectively, where a change in either state of protein acts 
as a biochemical signal to alter gene expression (Bartels and Sunkar, 2005). Various MAP 
kinase genes are identified in different plant species including Arabidopsis in which 20 
MAPK, 10 MAPKK (MAPK kinase) and 60 MAPKKK (MAPKK kinase) genes were 
identified on sequence similarity basis. The difference in the number indicates the 
overlapping and convergence of pathways. That means several genes are activated by more 
than one stressor and perhaps there is signal specificity for different stimuli at different 
levels (Ichimura et al., 2000; Riechmann et al., 2000). In alfalfa cells, SIMK a 46-kD MAP 
kinase was activated in response to mild hyperosmotic but not in severe stress. Instead, 
another smaller 38-kD kinase was activated. This indicates that these kinases are specific 
to a different degree of stress (Kiegerl et al., 2000). In tobacco cells, SIPK (salicylic 
acidinduced protein kinase), a MAP kinase, was activated in response to hyperosmotic, 
hyposmotic stress. Also, this kinase was activated in response to salicylic acid and fungal 
elicitors (Liu et al., 2000). MAPK kinases which activate alfalfa MAP kinase (SIMK) and 
tobacco MAP kinase (SIPK) were also reported. In Arabidopsis AtMEKK1 (a MAPKK 
kinase) and AtMPK3 (a MAPKinase) were discovered in response to drought and cold 
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stress (Bartels and Sunkar, 2005). AtMPK3 has a homolog SAMK in alfalfa which was 
transcriptionally upregulated upon dehydration (Jonak et al., 1996).  
As part of the molecular response, the phytohormone abscisic acid (ABA) has a very 
critical role (Peleg and Blumwald, 2011). ABA in stress tolerance is well studied in 
Arabidopsis, with mutants named aba1, aba2, and aba3 (Koornneef et al., 1998). These 
mutants showed signs of early wilting and death due to impaired stomatal closure under 
drought stress (Xiong et al., 2001). In the mechanism involving ABA accumulation, Nine-
CISEPOXYCAROTENOID DIOXYGENASE (NCED) enzyme plays a very important 
role (Kende and Zeevaart, 1997) and the key step in ABA catabolism is the hydroxylation 
at position 8' of ABA, which is catalyzed by ABA 8'-hydroxylase, a cytochrome P450 
enzyme. The well-known gene for this reaction in Arabidopsis is CYP707A3, which was 
found to have an increased transcript level when plants were given ABA treatment (Saito 
et al., 2004). During stress, ABA accumulation is regulated at the transcriptional level and 
the induction of NCED was reported in different plants species such as tomato, maize, 
bean, and Arabidopsis (Burbidge et al., 1997; Tan et al., 1997; Neill et al., 1998; Qin and 
Zeevaart, 1999). Transgenic plants overexpressing Arabidopsis NCED (AtNECD3) showed 
reduced transpiration and enhanced drought tolerance and those with a non-functional 
NCED were prone to drought stress (Iuchi et al., 2001). In another study, overexpressing 
pvncd1 mutants showed hyperaccumulation of phaseic acid, suggesting that ABA 
degradation mechanisms were activated by stress to balance the levels of ABA in plants 
(Saito et al., 2004). In other words, ABA might negatively regulate its biosynthesis and 
positively regulate the genes responsible for its catabolism. High throughput screening 
technologies such as DNA microarrays have identified the genes which are associated with 
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ABA and involved in drought stress tolerance (Kawasaki et al., 2001). There are several 
early stress-responsive genes, which are activated very quickly, and delayed responsive 
genes, which are activated after long exposure to stress in a cascade. Early responsive genes 
include members of the DEHYDRATION-RESPONSIVE ELEMENTBINDING (DREB) 
protein/C-REPEAT BINDING FACTORS (CBFs), RESPONSIVE TO DESICCATION 22 
BINDING PROTEIN (RD22BP), AtMyb transcription factor and ABRE-BINDING 
FACTOR (ABF)/ABA INSENSITIVE5 (ABI5)/ABA-RESPONSIVE ELEMENT (ABRE), 
which is an ABA-dependent response. In the ABA-dependent pathway, serine/threonine 
kinases such as SUCROSE NONFERMENTING 1 (SNF1)-RELATED PROTEIN 
KINASE 2S (SnRK2s) have important role in the activation of drought stressrelated genes 
(Bartels and Sunkar, 2005), which are regulated by the protein phosphatase 2C (PP2C) 
family protein, which is a negative regulator of the ABA signaling pathway. In the presence 
of ABA, a complex is formed between the ABA receptors PYRABACTIN RESISTANCE1 
(PYR1)/PYR1-like (PYL)/REGULATORY COMPONENTS of ABA RECEPTORS 
(RCAR), PP2C and the ABA molecule, which inhibits PP2C mediated-inactivation of 
SnRK2 in the ABA-dependent pathway. Under normal conditions, PP2C binds to SnRK2 
directly and inactivates it by dephosphorylation (Sheen, 1998). Some of the downstream 
delayed responsive genes such as RD29A, COLD REGULATED15 (COR15), and 
KINASE1 (KIN1) are regulated independently of ABA in response to drought stress. This 
was investigated in ABA-independent signal transduction pathways in Arabidopsis, when 
ABA insensitive and deficient mutants showed a response to drought stress, which 
indicated that these genes did not require ABA. Dehydration response element (DRE) is 
an important cis-acting element for the regulation of RD29A induction in the ABA-
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independent pathway in response to water deficit. A similar motif was also found in the 
promoter region of COR15 (Jaglo-Ottosen et al., 1998; Kasuga et al., 1999) which is also 
involved in stress response through the ABA-independent pathway. To an end, both ABA-
dependent and ABA-independent pathways are involved in plants as a response to drought 
stress.   
There are some other protective proteins that have a very important role in drought 
resistance are late embryogenesis-abundant proteins (LEA) and heat shock proteins 
(HSPs). LEA proteins were first discovered in cotton and were found to be accumulated at 
later stages of plant seed development (Leon et al., 1981). LEA proteins are not limited to 
plants species but are also identified in other organisms. They have been studied in bacteria 
like Deniococcus radiodurans (Battista et al., 2001) and Bacillus sutilis (Stacy and Aalen, 
1998), and many species of nematodes, rotifers, and cyanobacteria (Close and Lammers, 
1993; Browne et al., 2002; Tunnacliffe et al., 2005). LEA proteins have been grouped based 
on the structure, sequence motifs and composition of amino acid residues (Leon et al., 
1981; Dure, 1993). These proteins were found in various tissues of plants in response to 
abiotic stresses such as drought and salinity stress. In one of the studies, the HVA1 gene 
(group 3 LEA) from barley was expressed in wheat and rice, which resulted in enhanced 
tolerance to dehydration (Xu et al., 1996; Sivamani et al., 2000). Similarly, wheat genes 
PMA80 and PMA1959 were expressed in rice conferring tolerance to desiccation (Cheng 
et al., 2002).   
Other proteins involved in drought tolerance are heat shock proteins, which are normally 
expressed in vegetative cells and induced under different stresses. In plants, HSPs are 
grouped according to their molecular weight, such as HSP100, HSP90, HSP70, HSP60, 
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and small heat shock proteins. In many plants, HSPs were also found to be induced by 
drought stress. Overexpression of AtHSP17.7 in Arabidopsis led to enhanced tolerance to 
drought and salinity stress. However, in drought-sensitive Arabidopsis mutant, HSP 
expression was reduced and plants were susceptible to drought stress (Sun et al., 2001). 
Furthermore, there are some small noncoding RNAs which are found to be induced by 
abiotic stress in plants, including miRNAs.   
1.4  miRNAs and abiotic stress tolerance  
In the last few decades, researchers have used various traditional or modern 
biotechnological techniques and breeding programs to enhance tolerance against abiotic 
stresses. Recently, small endogenous RNA molecules known as miRNAs have been 
studied extensively for their role in controlling various traits in plants, including growth 
and development and their role in biotic and abiotic stress tolerance. MiRNAs are the small 
endogenous non-coding regulatory RNAs, first discovered in Caenorhabditis elegans (Lee 
et al., 1993; Wightman et al., 1993). Non-coding regulatory RNAs are divided into two 
groups: short interfering RNAs (siRNAs) and microRNAs (miRNAs). siRNAs are derived 
from double-stranded RNA molecules whereas miRNAs are derived from hairpin single-
stranded RNA molecules (Allen et al., 2004). miRNAs are encoded in introns, transcribed 
by RNA polymerase  II (Figure1) (Lee et al., 2004) and later capped with 7-
methylguanosine (m7G) (Xie et al., 2005), spliced and polyadenylated (Lu et al., 2009). 
The primary miRNAs (pri-miRNAs) of about 1,000 bp with a stem-loop secondary 
structure (Lee et al., 2002) are processed into precursor miRNAs which are 60-70 
nucleotides (nt) long (pre-miRNAs) (Lee et al., 2003). Pri-miRNAs are stabilized by  
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Figure 1. Biogenesis of plant miRNAs.   
MIR genes are initially transcribed by Pol II into pri-miRNAs. pri-miRNAs and pre-miRNAs are sequentially processed 
by DCL1 which makes a complex with HYL1, SE, CBC, and ds RNA binding protein. After cleavage, miRNA/miRNA* 
duplexes, which are methylated by HEN1 and transported to the cytoplasm by HST1. The miRNA is selected and 
incorporated into dedicated AGO1-containing RISC that directs translation inhibition or cleavage of the target mRNA 
transcript. HYL1: HYPONASTIC LEAVES 1, SE: SERRATE, CBC: CAP-BINDING COMPLEX, DCL1, HEN1: HUA 
ENHANCER 1, HST1:  HASTY1 (Modified from https://www.biotecharticles.com/Biotech-Research-
Article/Micro-RNAs-Controls-PlantDevelopment-3800.html).  
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DAWDLE (DDL) (Yu et al., 2008), which also helps in recruiting the dicer-like 
ribonuclease (DCL) for cleavage (Ren and Yu, 2012). DCL forms a complex with 
HYPONASTIC LEAVES 1 (HYL1), a double-stranded RNA binding protein (Vazquez et 
al., 2004), SERRATE (SE) zinc-finger protein (Yang et al., 2006) and the nuclear CAP-
BINDING COMPLEX (CBC) (Laubinger et al., 2008). In animals, the cleavage process is 
facilitated by Drosha to produce pre-miRNA (Lee et al., 2003). After cleavage, a 
miRNA/miRNA* duplex (~22 nt) is formed which is stabilized by addition of methyl group 
by HUA ENHANCER 1 (HEN1) (Yu et al., 2005). One of the strands of miRNA/miRNA* 
duplex is exported to the cytoplasm by the Exportin-5 homolog, HASTY (HST), and 
incorporated with ARGONAUTE (AGO) to form RNA INDUCED SILENCING 
COMPLEX (RISC) (Park et al., 2005). AGO proteins are   the core components of RISC. 
They have a 20 kDa N-terminal Piwi Argonaut and Zwille (PAZ) domain and a 40 kDa C-
terminal PIWI domain (Cerutti et al., 2000; Parker et al., 2004; Vaucheret et al., 2004). 
miRNAs targets mRNAs and their fate depend upon the extend of complementarity with 
the miRNA sequence (Rhoades et al., 2002; Kusenda et al., 2006). Perfect matches lead to 
cleavage and complete degradation of mRNA. However, with some mismatches or partial 
complementarity, there will be translational repression. Various plant miRNAs were 
identified in 2002 (Llave et al., 2002; Reinhart et al., 2002), ten years after the discovery 
of miRNA in C. elegans (Lee et al., 1993). miRNAs regulate downstream transcription 
factors (Sunkar et al., 2005; Samad et al., 2017) and affect various processes such as leaf 
morphogenesis, floral organ identity, flowering, root development and nodulation (Jones-
Rhoades and Bartel, 2004; Sunkar and Zhu, 2004). Recently, researchers found a role for 
miRNAs in biotic and abiotic stress tolerance as they were induced by environmental 
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stresses (Khraiwesh et al., 2012). Jones-Rhoades and Bartel (2004) identified miRNAs 
those found to have a role in plant development by targeting specific transcriptions factors 
as well as enzymes like superoxide dismutases, laccases, and ATP sulfurylases in response 
to abiotic stress. During sulfate starvation, the expression of miR395 was increased which 
targeted ATP sulfurylase, an enzyme that catalyzes the first step of inorganic sulfate 
assimilation (Jones-Rhoades and Bartel, 2004). In another study, miR399 was found to 
have increased expression which targeted ubiquitin-conjugating E2 enzyme in plants 
during phosphate starvation, which was otherwise not-detected in nonstressed Arabidopsis 
plants (Fujii et al., 2005; Chiou et al., 2006). Likewise, miR319c was found to be 
upregulated in response to cold stress and targeted MYB and TCP transcription factors in 
Arabidopsis (Sunkar and Zhu, 2004). In various plants species, miR393, miR160, and 
miR167were upregulated under drought and salinity stress, (Sunkar et al., 2012). Under 
drought stress, miR393 targeted auxin receptor TR1 (transport inhibitor response1) and 
auxin response factors (ARFs) to repress auxin signaling, similarly, miR160 and miR167 
targeted ARFs which lead to attenuated growth and development of plants and promoted 
stress tolerance. miR169 was found to be downregulated in Arabidopsis in response to 
drought and salt stress through the ABA-dependent pathway, which leads to 
overexpression of its target Nuclear Factor YA5 (NFYA5) transcription factor which 
regulates various drought-responsive genes (Zhao et al., 2007; Li et al., 2008). In Medicago 
truncatula, miR398 and miR408 were upregulated in roots and shoots in response to water 
deficiency and the transcript levels of their corresponding targets were reduced (Trindade 
et al., 2010). While treating 1-day old seedlings of Arabidopsis with ABA, there was an 
increased accumulation of miR159 for 4-8 hr. When these seedlings were exposed to 
17 
 
 
 
drought stress the miR159 levels were increased. As a result, transcript levels of its target 
genes, MYB33 and MYB101 were reduced. This indicated that the accumulation of miR159 
was induced by drought stress through an ABA signaling pathway (Reyes and Chua, 2007).  
1.5  miR156 and SPL genes  
The SQUAMOSA-PROMOTER BINDING PROTEIN-LIKE (SPL) gene family was first 
identified in Antirrhinum majus. This family of transcription factors has a role in different 
stages of plant development (Klein et al., 1996). Members of this family are found in all 
green plants, including algae, mosses, gymnosperms, and angiosperms (Cardon et al., 
1999; Xie et al., 2006; Riese et al., 2007; Guo et al., 2008). SPL proteins have a highly 
conserved DNA binding domain known as an SBP domain which is 76 amino acids in 
length with two Zn binding sites and a nuclear localization signal (Klein et al., 1996). Apart 
from this, SPL genes are variable in the genomic organization in transcript size, the position 
of introns and amino acid sequences such as in Arabidopsis, SPL3 codes for a 131 amino 
acid polypeptide, whereas SPL12 codes for a polypeptide sequence of 927 amino acids 
(Cardon et al., 1999). SPL genes are regulated by miR156 through recognition of the 
conserved miRNA responsive element (MRE) within their transcripts. In Arabidopsis, out 
of 17 SPLs identified, 11 are the targets of miR156, whereas in rice OsmiR156 regulates 11 
OsSPLs (Cardon et al., 1999; Xie et al., 2006). In alfalfa, SPL genes were grouped in eight 
main clades by studying the conserved SBP domain to generate a phylogenetic tree. Clades 
I, II and III are the SPL genes not targeted by miR156 whereas clades IV, V, VI, VII, and 
VIII represents the SPL genes targeted by miR156 (Gao et al., 2016). Seven SPL genes, 
including SPL2, SPL3, SPL4, SPL6, SPL9, SPL12, and SPL13 were identified as targets of 
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miR156 (Aung et al., 2015b; Gao et al., 2016). In addition to SPLs, miR156 also targets the 
WD402 transcription factor in alfalfa (Aung et al., 2015; Arshad et al., 2018). Through the 
interaction of miR156 with SPLs, these regulate leaf development and shape (Bhogale et 
al., 2013; Aung et al., 2015b; Aung et al., 2015a), shoot maturation, branching, flowering 
(Wu and Poethig, 2006; Bhogale et al., 2013; Cui et al., 2014; Aung et al., 2015b; Aung et 
al., 2015a; Gao et al., 2018) root development and architecture in plants (Xie et al., 2012; 
Wang, 2014; Aung et al., 2015b).  
miR156 is also implicated in tolerance to abiotic stresses such as drought, salinity, and heat 
by silencing SPL13 (Arshad et al., 2017a; 2017b; Matthews et al., 2018). Cui et al. (2014) 
have studied the relationship of the miR156-SPL9-DFR pathway with plant development 
and abiotic stress tolerance in Arabidopsis. They found that miR156-SPL9 directly 
influences anthocyanin biosynthesis through anthocyanin metabolism-associated genes 
including DIHYROFLAVONOL-4-REDUCTASE (DFR), a flavonoid biosynthetic gene, 
and PRODUCTION OF ANTHOCYANIN PIGMENT 1 (PAP1) which confer stress 
tolerance. Similarly, miR156OE lines and SPL13i (SPL13 RNAi knockdown) lines showed 
enhanced tolerance to heat, salinity and drought stress. Transgenic lines showed high 
relative water content, enhanced accumulation of ABA, proline, high stomatal 
conductance, and increased antioxidant levels. Moreover, anthocyanin content and 
chlorophyll abundance were also increased in response to these stresses (Arshad et al., 
2017a; 2017b; Matthews et al., 2018).  
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1.6  Proposed research   
Based on the literature review, it is well established that miR156 plays a prominent role in 
different plant processes such as growth, development, and tolerance to abiotic stress. 
Arshad et al. (2017a) have studied the importance of miR156OE in drought stress tolerance 
at the transcript level. However, it is very important to study the effect of miR156 
overexpression on stress tolerance at the proteomic level. Transcriptional and metabolite 
profiling has always been studied to elucidate plant response, but a transcript study is not 
always the best platform to extract information, due to lack of its direct correlation with 
protein levels, hence proteome studies fill the gap (Heazlewood, 2011; Komatsu et al., 
2013). Previously, proteomic studies were done on alfalfa root and leaf tissues, which 
showed the accumulation of ABA and the production of antioxidants, and elucidated the 
role of calcium signaling under drought, heat and salt stress (Aranjuelo et al., 2011b; Li et 
al., 2013; Rahman et al., 2016; Xiong et al., 2017; Zhang and Shi, 2018). However, no 
proteomic study has been reported that co-relates the induction of miR156 by drought stress 
and increased tolerance in alfalfa.   
1.7  Hypotheses and objectives  
I hypothesize that since miR156 regulates SPL gene expression and miR156 is upregulated 
in response to drought stress in alfalfa, there will be a difference between the protein 
profiles of the empty vector control and miR156OE line in response to drought stress. I 
proposed to study the whole proteome profiles of miR156OE line (A8) and empty vector 
(EV) control under normal and drought stressed conditions. I also proposed to study the 
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effect of miR156 over-expression on forage quality by quantifying the concentration of 
essential amino acids between different genotypes.  
Objective1: To determine the whole protein profile of miR156 over-expressed line relative 
to an empty vector control.   
Objective 2: To identify differentially expressed proteins in the miR156OE genotype by 
using LC-MS/MS analysis and confirmation by immunoblotting.   
Objective 3: To determine the amino acid composition in the miR156 over-expressed line 
and EV after amino acid hydrolysis.   
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2: Material and Methods  
2.1  Plant materials and drought treatment  
In this study, alfalfa clone N4.4.2 (Badhan et al., 2014) was used. The empty vector (EV) 
control, miR156 overexpressed alfalfa (A8) genotype (having an ~200-fold increase in 
transcript level of miR156) and SPL13i genotype 13.5 (having an ~5-fold decrease in 
SPL13 transcript level) used in the experiments were developed in Dr. Abdelali Hannoufa’s 
laboratory (Aung et al., 2015b; Arshad et al., 2017a). Alfalfa plants were vegetatively 
propagated using stem cuttings and grown in CleanStart® Oasis© 3.8 cm root cubes 
(Smithers-Oasis North America, Kent, OH) for 3 weeks until roots appeared. Following 
that, rooted stem cuttings were potted in PRO-MIX BX medium (Premier Horticulture Inc.) 
in a 25.5 × 33 cm pot. All plants were grown in standard growth conditions in the 
greenhouse at 25-27°C, 16 h/8 h light/dark cycle for 30 days in the month of December 
2016. Healthy/similar looking plants were selected and divided into two groups, marked as 
control and the drought-treated group. Next, plants in one group were exposed to drought 
treatment for a period of 16 days (water withholding) and other group control plants were 
watered thrice a week. Leaf trifoliates from the primary stem at the second and third 
position from the apex were excised in four biological replicates and used as tissue samples 
and immediately transferred to liquid nitrogen. The aboveground part of the plant was dried 
in an oven at 65°C for 5 days. Dry weight was measured to see the difference in biomass 
production after drought stress. 
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2.2  Mid-day leaf water potential   
To determine the amount of water retained in plants after drought treatment, leaf water 
potential was measured by using the SAPS II Portable Plant Water Status Console 
(Soilmoisture Equipment Corp., Santa Barbara, CA). This instrument measures the 
pressure required to exude the water from the leaf through the petiole. Fresh leaves with 
the longest petiole were excised and used for measurement for both genotypes in four 
biological replicates (Turner, 1988).   
2.3  Protein extraction for proteomics  
Four biological replicate tissue samples were processed and for each biological replicate, 
100 mg (fresh weight) of leaf tissue was ground into a powder under liquid nitrogen using 
a mortar and pestle. Protein extraction was performed as described in Marx et al. (2016) 
using the ice-cold extraction buffer [290 mM sucrose, 250 mM Tris-HCl (pH 7.6), 25 mM 
EDTA (pH 8.0), 10 mM KCl, 25 mM NaF, 50 mM Na pyrophosphate, 1 mM ammonium 
molybdate, 1 mM PMSF, 1 µg/mL leupeptin, 1 µg/mL pepstatin, 1 µg/mL aprotinin], 
which was added at 5 times the fresh weight of ground tissue sample. Sample mixtures 
were vortexed until no clumps were observed, sonicated on ice for 1 min and then filtered 
through Miracloth. Proteins were precipitated by adding 1:3:3 volumes of chloroform, 
water, and methanol, respectively. Samples were centrifuged (4,696 × g) at 4 °C for 5 min 
and the aqueous phase was transferred to a new tube. Next, 3 volumes of methanol were 
added to pellet down the proteins by centrifugation at 4,696 × g for 5 min. Protein pellets 
were washed with 80% ice-cold acetone, 3 times by vortexing and centrifuging at 10,000  
× g for 3 min. The protein pellet was dried on ice for 1 h and stored at 80°C.   
23 
 
 
 
2.4  Protein lysis and digestion  
Subsequently, the protein pellets were re-suspended in 200 µl of lysis buffer [8 M urea, 50 
mM Tris-HCl (pH 8), 30 mM NaCl, 1 mM CaCl2, 20 mM sodium butyrate, 10 mM 
nicotinamide, mini EDTA free protease inhibitor and phosSTOP protease (Roche 
Diagnostics, Laval, QC, Canada)] and lysed on ice with a probe sonicator as described in 
Marx et al. (2016). Protein content was quantified using BCA assay (Thermo Fisher 
Scientific, Mississauga, ON, Canada). A total of 75 µg of protein was reduced with 5 mM 
dithiothreitol at 58°C for 40 min and alkylated with 15 mM iodoacetamide in the dark for 
40 min at room temperature. Protein was then digested enzymatically in a two-step process. 
First, proteinase LysC (Thermo Fisher Scientific) was added to each sample in an enzyme: 
protein ratio of 1:200 and incubated at 37°C for 2.5 h. Samples were diluted to a final 
concentration of 1.5 M urea (pH 8) by adding a solution of 50 mM Tris-HCl and 5 mM 
CaCl2. Later, sequencing grade trypsin (Thermo Fisher Scientific) was added in the ratio 
of 1:50 (enzyme: protein) and mixtures were incubated at 37°C overnight. The digests were 
acidified to pH < 2 with trifluoroacetic acid and desalted/purified by using C18 solid-phase 
extraction columns (Sep-Pak, Waters, Mississauga, ON, Canada). Eluates were dried in a 
vacuum centrifuge and resuspended in 75 µl of 5% ACN.   
2.5  Mass spectrometry  
After resuspension, the peptide digests were analyzed by an Easy-nLC 1000 nano-flow 
system equipped with a 2 cm Acclaim C18 PepMap™ trap column and a 75 µm, 25 cm 
Acclaim C18 PepMap™ analytical column (Thermo Scientific). The flow rate was held at 
300 nL min-1 throughout the run and 10 µL of the digest was injected. Ninety-seven percent 
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mobile phase A (LC/MS Optima water, 0.1% formic acid) was decreased to 90% over 4 
min. Peptides were eluted with a linear gradient from 10 to 40% of mobile phase B (LC/MS 
Optima acetonitrile, 0.1% formic acid) over 150 min followed by a 40-90% gradient over 
10 min and an additional 10 min at 90%. The nanospray voltage was set at 2.4 kV, capillary 
temperature at 275°C, and S-lens radio frequency (RF) level at 70. Each sample was 
analyzed as a top 10, data-dependent acquisition experiment in the mass range of m/z 300– 
2000 using a Thermo Q-Exactive Orbitrap mass spectrometer coupled to an Agilent 1290 
HPLC system. The full scan was acquired at 70,000 resolution, automatic gain control 
(AGC) of 1 × 106, and maximum injection time (IT) of 250 msec. The MS/MS scans were 
acquired at 17,500 resolution, AGC of 5 × 105, maximum IT of 110 msec, intensity 
threshold of 1 × 105, normalized collision energy of 27 and isolation window of 1.7 m/z. 
Unassigned, singly and >4 charged peptides were not selected for MS/MS and a 30-sec 
dynamic exclusion was used.  
2.6  Data analysis   
The raw files obtained from MS/MS analysis were searched against M. truncatula protein 
sequence database, a reference species for alfalfa, as the whole genome of M. sativa is not 
sequenced yet and no whole protein database is available for identification of peptides from 
this species. The protein database for M. truncatula was downloaded from UniProt, with 
57065 entries accessed on June 25th, 2017 (https://www.uniprot.org/) (Tang et al., 2014). 
Searches were conducted with the MaxQuant software (1.6.1.0) (Cox and Mann, 2008) 
using default precursor mass tolerances set by Andromeda, a search engine that implements 
a matching and scoring algorithm (20 ppm for the first search and 4.5 for the main search). 
25 
 
 
 
Trypsin and LysC were selected as enzyme setting with a maximum of two missed 
cleavages. Carbamidomethylation was selected as fixed modification and oxidation of 
methionine residues was selected as variable modification. To prevent false identifications 
and errors, a filter for false discovery rate (FDR) was used for peptide and protein 
identification. This was set at 1% indicating that only one out of a hundred filtered matches 
are expected to be wrong. The minimum peptide length for identification was set to 7 amino 
acids. The MaxLFQ algorithm is part of the MaxQuant software suite allowing label-free 
quantification. In label-free quantification method, peptides in different samples are not 
distinguished by labeling but are identified by their presence in different, independent MS 
runs. Also, to increase the number of peptides that can be used for quantification other than 
those identified by the MS/MS database search engine, peptide identifications can be 
transferred to unsequenced or unidentified peptides by matching their mass and retention 
times (Cox et al., 2014), hence “match- between-runs feature” was enabled in MaxQuant. 
Since it is an intensity-based method, the intensity for each peptide is the summation of the 
intensities for all ions present in that peptide. In this quantification method, a pair-wise 
ratio is calculated between the samples using only peptide species that are present in all 
and protein fold change obtained from combining the peptide ratios for all peptides 
assigned to that protein. The minimum threshold can be set in MaxQuant for a protein ratio 
to be considered valid. Delayed normalization feature solves the problem of the variations 
among the samples, where the normalization factors are determined and multiplied by all 
the intensities in the different LC-MS runs so that the total signal is equalized. The output 
of the MaxQuant run was in the form of “protein groups”. Each protein group is the 
assembly of similar proteins with different accession numbers from the database, which 
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can be termed as protein species or isoforms identified from the same set of peptides 
(Schlüter et al., 2009). The output file was searched in Perseus, which is a statistical 
analysis software. Only protein groups that were quantified in 3 out of 4 biological 
replicates of at least one sample were retained (filter settings in Perseus software). There 
were four comparisons between two different genotypes and two different treatments, those 
were empty vector control (EVC) to empty vector drought treatment (EVT), empty vector 
control (EVC) to A8 control (A8C), empty vector treatment (EVT) to A8 treatment (A8T) 
and A8 control (A8C) to A8 treatment (A8T). A two-sample t-test (P < 0.05) was 
performed to check the difference between four different combinations separately, 
mentioned above (Cox et al., 2014). Detailed steps are described under statistical analysis 
section (2.10).  
2.7  Bioinformatics   
The identified proteins were annotated using the M. truncatula database from UniProt 
(Gurdon and Maliga, 2014). The complete list of differentially expressed proteins will be 
deposited in the PRoteomics IDEntifications (PRIDE) database 
(https://www.ebi.ac.uk/pride/archive/). Following identification, gene ontology 
enrichment analysis was performed using a tool from PlantRegMap 
(http://plantregmap.cbi.pku.edu.cn) at P < 0.05. Differentially expressed proteins were 
assigned into three major functional categories: biological process, molecular function, and 
cellular component. Another similar analysis was done using ClueGo, a Cytoscape plug-in 
online tool to study functionally grouped terms while searched against the M. truncatula 
protein database. GO term networks were visualized in Cytoscape 
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(http://www.cytoscape.org/) (Bindea et al., 2009). The purpose of this analysis was to have 
an insight into the pathways and cellular processes affected under drought stress in 
miR156OE genotype (A8). In another analysis, the amino acid sequences of proteins 
differentially expressed in A8 under drought stress were blasted against DroughtDB, a 
drought stress gene database (Alter et al., 2015), to identify protein families in our results 
that are known for their role in drought stress tolerance.  
2.8  Immunoblotting  
For validation of quantitative proteomic data by immunoblotting, soluble proteins were 
extracted from A8T and EVT under drought stress conditions as mentioned in 
Sieciechowicz and Ireland (1989) by adding 0.5 ml of ice-cold extraction buffer (50 mM 
Tris-HCl pH 8, 50 mM KCl, 1 mM CaCl2, 10% glycerol) in 100 mg of leaf tissue (fresh 
weight) containing freshly added protease inhibitor tablet per 7 ml of buffer and 1 mM 
DTT. Samples were vortexed until there no clumps observed. Next, samples were spun at 
16,000 × g at 4°C for 20 min and the supernatant was transferred to a fresh tube. Protein 
concentration was determined using the Bio-Rad protein assay solution. Protein (25 µg) 
was separated on 10% or 15% SDS-PAGE gels and transferred to polyvinylidene difluoride 
(PVDF) membrane. The membranes were blocked in Odyssey Blocking Buffer and PBS 
(phosphate buffered saline) in 1:1 ratio for 2 h. After blocking, membranes were incubated 
for 1.5 h with primary antibodies, washed three times with PBS buffer with 0.2% Tween20 
and subsequent incubation in secondary antibody for 1 h. The following antibodies were 
tested: rabbit polyclonal anti-HSP70 antibody (1:5000), anti-lipoxygenase antibody 
(1:5000), anti-oxygen-evolving complex of PSII (1:2000), anti-gibberellin receptor 
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antibody (1:5000), anti-ascorbate peroxidase (1: 2000), and anti-class I chitinase antibody 
(1:2500) (Agrisera, Vannas, Sweden). IRDye 800 anti-rabbit secondary antibody (1:10000) 
was used for detection. The wet membranes were scanned on the Odyssey Infrared (IR) 
Imaging System in both the 700 and the 800 nm infrared fluorescent detection channels, 
giving rise to the red and green channel detection. These two channels give enhanced 
signals with very little background noise, as membrane shows much lower 
autofluorescence in the longer-wavelength near IR region of the spectrum as compared to 
shorter visible wavelengths. For quantification, the total amount of signal detected in the 
area that contains the band is expressed as the sum of the intensities measured in all of 
these pixels. A portion of this signal, however, corresponds to the background, that is 
needed to be subtracted. This is done by the image studio™ software with default settings. 
The reported signal value now corresponds to the sum of the residual intensity values of 
all of the pixels in the band (Schutz-Geschwender et al., 2004). The difference in the value 
of signals in the bands was used to calculate the fold change between the proteins.   
2.9  RNA extraction and gene expression analysis  
Gene expression analysis measures the levels of transcripts that will be translated into 
functional gene products. Previously, transcriptome analysis of miR516OE genotype was 
conducted in Dr. Abdelali Hannoufa’s laboratory in root tissue under control and under 
drought stress conditions (Gao et al., 2016; Arshad et al., 2018). However, no study has 
been done yet on miR156OE leaf tissue under drought stress to identify the differentially 
expressed genes. Based on proteomics results and identified drought stress related protein 
families, gene expression analysis was performed for selected proteins. To determine the 
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transcript levels, total RNA was extracted from 100 mg of leaf tissue (EV or A8) by using 
RNeasy Plant Mini Kit (Qiagen, Toronto, ON, Canada). RNA was quantified by using 
Nanodrop 1000 spectrophotometer (ThermoFisher Scientific) and its quality was evaluated 
by running the RNA in a 1% agarose gel in 1 × TAE buffer (40 mM Tris, 40 mM acetate, 
1 mM EDTA, pH 8). Genomic DNA contamination was removed by using TURBO DNase 
(Ambion, ThermoFisher Scientific). A total of 1 µg RNA was used to synthesize cDNA in 
a 20 µl reaction. For RT-qPCR, cDNA was diluted 10 times and genespecific primers were 
used in the amplification. ACTIN and Acetyl-CoA Carboxylase (ACC1) were used as 
reference genes (Hernández et al., 2001; Radonić et al., 2004) for expression analysis of 
target genes with three biological replicates and for each biological replication, three 
technical repeats were performed. Primers for target genes and reference genes are listed 
in Table 1. Minimum information for Publication of quantitative real-time PCR 
Experiment guidelines was followed while conducting the experiment (Bustin et al., 2009). 
2.10 Quantification of amino acids after hydrolysis   
To determine the effect of miR156OE on protein quantity and quality, alfalfa leaves under 
control and drought stress conditions were freeze-dried and powdered using a mortar and 
pestle in liquid nitrogen. For each sample, 10-12 mg of leaf powder was transferred to a 
shell glass vial (8 × 40 mm Fisher Cat. No. 03-391-23) and used for hydrolysis reaction as 
described by Jafari et al. (2016). Subsequently, 450 µL of 6 M HCl/1% phenol and 50 µL 
of 12.5 mM NorValine as internal standard were added to each vial. These small vials were  
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Table 1. List of primers used in the study.   
Protein ID Primer name Primer sequence 
A0A072TTW2  MTCDPK-F  5'-AGGCTAACAGCGCATGAAGT-3'  
  MTCDPK-R  5'-AACACGCAAAGCCATCTTCT-3'  
A0A072V5S0  MTLEA-F  5'-TGTCGACATCGGATAAACCA-3'  
  MTLEA-R  5'-TTCCCAAACCCAACTGTTTC-3'  
G7KYH2  MTWD40-F  5'-GTGAGTGGCACCCAAAAACT-3'  
  MTWD40-R  5'-GCACATGTGGTGACAGGAAC-3'  
G7J4Y2  MTAPX-F  5'-TTCACCAACCACAATGGCTA-3'  
  MTAPX-R  5'-AAACGGAACGGGAAGAAGAT-3'  
G7JYH3  MTE3UBI-F  5'-CGCTTTTGGCTCTTTTGAAC-3'  
  MTE3UBI-R  5'-GAAATTTGAGGATCCGACGA-3'  
G7JU59  MTLRR-F  5'-ACGGTAGCAGAGGATCTGGA-3'  
  MTLRR-R  5'-CCTTTGAGGAGGATGTTGGA-3'  
G7J5A0  MTRING-F  5'-GGAAGAGGAAGGCGCTAGTT-3'  
  MTRING-R  5'-TTCAATGCACAATGCTCACA-3'  
A0A072U839  MTBZIP-F  5'-TCACAAGAAAACCACCACCA-3'  
  MTBZIP-R  5'-AAGTCGGAAGGGTCAAAGGT-3'  
  MsACTINF*  5'-TCAATGTGCCTGCCATGTATGT-3'  
  MsACTINR  5'-ACTCACACCGTCACCAGAATCC-3'  
  ACC1F*  5'-GATCAGTGAACTTCGCAAAGTA-3'  
  ACC1R  5'-CAACGACGTGAACACTACAAC-3'  
  
*Reference genes, F-forward primer, R-reverse primer  
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 placed into a big reaction vial (7 vials per reaction vial). The reaction vials were placed 
briefly under vacuum one by one until HCl/phenol bubbles (about 1-2 sec) using a PicoTag 
Workstation. Next, the reaction vials were flushed with pre-purified nitrogen for 5 sec and 
this step was repeated four times. After fourth flushing, the reaction vial was sealed while 
turning on the nitrogen and vacuum. The sealed reaction vials were kept in the oven at 
110 C for 20-24 h. Next, the reaction vials were removed and allowed to cool at room 
temperature for 10 min. Shell vials were removed with forceps and wiped off the outside 
with Kimwipe before placing them in a microfuge tube rack. The whole sample was 
transferred to a 1.5 ml tube and spun for 5 min. at 15,000 rpm. The supernatant was 
transferred to a fresh 1.5 ml tube. A total of 100 µl of the sample was transferred to a 
prelabeled 1.5 mL HPLC glass vial and dried under vacuum for 60 min at room temperature 
in the centrivap. After drying, 500 µL of HPLC water was added to the glass vials and 
mixed until completely resuspended. After resuspension, the sample was transferred to a 
Nanosep 0.2 µm centrifugal device and spun for 2 min at 14,000 ×g. Tubes were capped 
and stored at 4 C. The amino acid analysis was performed on an Agilent 1260 HPLC 
system (Agilent Technologies). The samples were derivatized using O-phthalaldehyde 
(OPA) reagent and 3-mercaptopropionic acid as per instructions by the manufacturer 
(Agilent Technologies). The time for derivatization was achieved by using an automated 
injector program. An aliquot of the sample was injected into the column while using a 
gradient with solvent A (40 mM sodium phosphate pH 7.8), solvent B (acetonitrile: 
methanol: water in the ratio of 45:45:10) and solvent C [methanol: water (90:10)]. The 
gradient consisted of 100% A at 0.5 min, followed by 37% B for 10 min, 45% B at 10.5 
min, 55% at 11 min, 65% B at 11.5 min, 80% B and 20% C at 12 min followed by an 
32 
 
 
 
isocratic segment using the same solvent until 14 min, then a return to 100% A at 14.25 
min and re-equilibration at 100% A at 18 min. Amino acids were detected on the basis of 
retention times established for standard amino acids. At different concentrations, the 
linearity of the peak areas was determined, and calculations were based on the area under 
the peak established for a known concentration.   
2.11 Statistical analysis   
For comparisons between two genotypes under control and drought stress conditions, the 
Student t-test was performed. Perseus software is a statistical software in the MaxQuant 
suite which was used to find the proteins with significant fold change between two 
genotypes, identified in the MaxQuant run. Raw data files were loaded into Perseus and 
data were pre-processed to remove outliners or incorrect protein identifications. Those are 
the protein groups, only identified by modification site, reverse contaminants which were 
identified from the reversed part of the decoy database and protein groups found to be 
commonly occurring contaminant should be removed for further data analysis. Next, 
missing values were imputed by replacing missing values from a normal distribution and 
data files were log2 transformed (Tyanova and Cox, 2018). One-way ANOVA followed by 
Tukey’s HSD (honestly significant difference) post hoc test was used to study the 
significant differences in amino acid concentration between the two genotypes under 
drought stress condition.   
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3: Results   
3.1  miR156 overexpression enhances shoot biomass and reduces water 
loss under drought stress   
Aung et al. (2015b) reported the enhanced shoot branching in miR156OE genotypes 
including A8 relative to EVC. This was visible in my plants while they were growing in 
the greenhouse (Figure 2). There were phenotypic differences observed when plants were 
exposed to 16 days of drought stress. EV plants had stunted growth, yellow leaves and 
early signs of aging, whereas A8 plants were still green but had stunted growth compared 
to A8 control plants (Figure 2). This indicates that miR156 plays a role in drought stress 
tolerance. In addition, the midday leaf water potential was measured in EVC and 
miR156OE genotypes under standard growth and drought stress conditions (Figure 3) 
(Turner, 1988). Leaf water potential is an indicator of the water content that is retained in 
the plant body after drought stress. No significant difference was found in leaf water 
potential between EV and miR156OE genotype when grown under standard growth 
conditions. However, there was a significant difference observed between genotypes under 
drought stress conditions relative to their respective standard growth controls. Although, 
the leaf water potential of A8T was less negative as compared to EVT by 0.41 MPa. This 
showed that more water was retained in A8T under drought stress and hence less pressure 
was required to exude water from the leaf petiole. This response of the A8 genotype was 
consistent with previously reported results, which showed higher relative water content in 
A8 relative to wildtype while exposed to abiotic stress (Arshad et al., 2017a; 2017b;  
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     EVC                  EVT                                     A8C                   A8T 
Figure 2. Alfalfa under control and drought stress conditions.   
Phenotypic differences such as height, the color of leaves and growth of miR156OE genotype (A8) 
relative to empty vector control (EV) under standard growth and drought stress conditions (water 
withholding for 16 days).  
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Figure 3. Leaf water potential of miR156OE genotype under drought stress condition.   
miR156OE reduces water loss in alfalfa. Data are reported as the mean ± standard error of 4 
biological replicates. Asterisks indicate significant differences between miR156OE genotype and 
EV control by t-test where **P < 0.01. Blue bar: Standard growth conditions; Red bar: Drought 
stress conditions.   
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Matthews et al., 2018). To study the effect of miR156OE on biomass production, shoot dry 
weight was measured. The A8 genotype had significantly more shoot dry weight as 
compared to EV control plants (Figure 4) under both standard growth and drought stressed 
conditions. This result is consistent with studies in different plants, indicating the role of 
miR156 in enhancing biomass production under standard growth and drought stress 
conditions (Fu et al., 2012; Aung et al., 2015; Wang and Wang, 2015; Arshad et al., 2017a).  
3.2  Leaf proteome of miR156OE genotype under drought stress.  
Overexpression of miR156 was shown to have a role in altering physiological responses 
through increased relative water content, increased accumulation of antioxidants and 
tolerance to abiotic stress such as heat, drought and salinity stress (Arshad et al., 2017a; 
2017b; Matthews et al., 2018). Transcriptome studies (RNA sequencing) on leaves, shoot 
and root tissues of miR156OE genotype under standard growth conditions and another 
study on only root tissue of miR156OE genotypes under drought stress conditions, showed 
changes in gene expression. Many transcription factors such as WD40, SPL, MYB and 
several genes involved in important cellular processes were found to be downregulated in 
miR156OE genotypes (Gao et al., 2016; Arshad et al., 2018), which suggested that these 
transcription factors and genes are regulated by miR156 and hence alters plant traits. No 
transcriptome data for leaf tissue in miR156OE alfalfa have been published. However, there 
were some genes related to drought stress tolerance such as NCED3, PP2C were studied 
for their transcript levels (Arshad et al., 2017a). As a next step, it was important to 
determine the effect of miR156OE on the leaf proteome. There are proteome studies  
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             Figure 4. Shoot dry weight of EV and A8 genotypes in control and drought stress 
condition.   
Each bar represents the mean ± standard error value from four biological replicates (t-test, *P < 
0.05; Blue bar: EV; Red bar: A8).  
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in the literature reporting effect of drought stress in alfalfa, however, no study is reported 
studying the effect of miR156OE in drought stress. To achieve this objective, a label-free 
quantification method was used to quantify the proteins that were differentially expressed 
in A8 relative to EV. In total, for leaf tissue, 3000 “protein groups” were identified using 
MaxQuant software (Cox and Mann, 2008; Cox et al., 2014). Each protein group may have 
several accessions that represent similar proteins as mentioned in the Materials and 
Methods section (2.6). Here, I compared two genotypes, grown under two growth 
conditions, hence making four combinations. Those were- EVC to EVT, EVT to A8T, 
EVC to A8C and A8C to A8T. In A8T, 610 proteins were significantly (P < 0.05) 
upregulated and 52 proteins were down-regulated relative to EVT under drought stress 
(Figure 5A) (Appendix A and B). Under standard growth condition, in A8C, 68 proteins 
were up-regulated and 84 proteins were downregulated. Also, there were 19 proteins 
upregulated and 8 proteins downregulated that were common in A8C and A8T relative to 
EVC and EVT. A total of 685 proteins were upregulated and 103 proteins were 
downregulated in A8T relative to A8C (Figure 5B). In EVT, only 20 proteins were 
upregulated and 112 proteins were downregulated relative to EVC. There were 13 
upregulated proteins and 8 downregulated proteins in common between two genotypes 
relative to their respective controls. All proteins were annotated using M. truncatula protein 
database from UniProt (Tang et al., 2014).  
3.3  Gene ontology enrichment analysis  
To identify the proteins that are over-represented in A8T compared to EVT plants, under 
standard growth and drought stress conditions (for further analysis only two comparisons 
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             Figure 5. Venn diagrams showing the differentially expressed protein groups in 
response to drought and miR156 overexpression in leaf.   
(A) Number of differentially expressed protein groups in A8 control and treated samples relative 
to EV under control conditions. (B) Differentially expressed protein groups in EVT and A8T 
relative to their respective control. Up: upregulated; down: downregulated; Orange: upregulated; 
green: downregulated.   
  
  
  
  
  
  
  
  
  
  
up   
down   
20   13   685 
  
112   8   103   
EVT  A8T  
up   
down   
68   19   610 
  
84   8   52   
A8C  A8T  
A   B   
40 
 
 
 
were considered, A8T to EVT and A8C to EVC), Gene Ontology (GO) enrichment analysis 
was conducted by using a tool from PlantRegMap (http://plantregmap.cbi.pku.edu.cn 
accessed on July 27, 2017). This analysis gives an insight into the possible pathways 
affected in A8T relative to EVT. When A8T was compared to EVT, 669 GO terms were 
identified which were classified into three major functional categories: biological process, 
molecular function, and cellular component (see Appendix C, D, and E for the detailed 
list). Out of 381 GO terms in biological process, response to stomatal movement, response 
to abiotic stress, defense response signaling pathway, water transport, positive regulation 
of abscisic acid-activated signaling pathway and reactive species metabolic process were 
enriched (Figure 6). In the molecular function category, 142 terms were enriched including 
RNA binding, catalytic activity, small molecule binding, oxidoreductase activity and 
structural component of the ribosome. Of 146 cellular components GO terms, cytoplasm, 
chloroplast stroma, photosynthetic membrane, and chloroplast might relate to 
photosynthesis and energy metabolism processes. These pathways might be involved in 
carrying important cellular functions required for plant growth and development and 
enhancing drought tolerance in A8T relative to EVT. Similarly, under standard growth 
conditions, in A8C relative to EVC, 142 GO terms in biological processes category, 33 GO 
terms in molecular function category and 96 GO terms in the cellular category were 
overrepresented (list not provided). 
3.4 Network analysis and visualization of functionally grouped terms  
This analysis is like the GO term enrichment analysis in the previous section but used a 
different tool for the comparison between EVT and A8T. The overrepresented GO  
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Figure 6. Selected enriched functional categories in A8 relative to EV under drought 
treated and control conditions.   
A higher number of proteins were identified after drought treatment in functional categories related 
to drought tolerance, including stomatal movement, water transport, response to abiotic stimulus, 
and positive regulation of abscisic acid-activated signaling. Red bars: A8 treated relative to EV 
treated; Blue bars: A8 control relative to EV control. Provide the GO category numbers for the 
three that have been cut. 
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terms in the biological functional category are shown in the form of GO term networks, 
which helps in the interpretation of a long list of proteins (including both upregulated and 
downregulated proteins) in the form of pathways involved. For this analysis, ClueGO 
plugin with Cytoscape (Bindea et al., 2009) (http://www.cytoscape.org/) tool was used. 
The protein list for EVT to A8T was loaded to the tool and settings were set for biological 
processes gene ontology terms with a kappa score of 0.4, which only labels the most 
significant GO terms (Figure 7). In A8T relative to EVT, 30 groups, 261 nodes, and 2979 
edges were generated. Similar GO terms/pathways were grouped together by the tool to 
form 30 major groups. Nodes represent a single GO term and their size represents the 
number of proteins in each GO term. Edges show the interaction between different GO 
terms, based on biological functions. Some of the major groups identified include the 
formation of translation preinitiation complex, organonitrogen compound metabolic 
process, lipid catabolic process, carboxylic metabolic process, photosynthetic electron 
transport chain, chlorophyll metabolic process, generation of precursor metabolites and 
energy, response to oxidative stress, reactive oxygen species metabolic process, cellular 
homeostasis, defense response, and carboxylic acid cycle. Pie chart view of 
overrepresented GO terms was also generated by the tool (Figure 8). Here color codes are 
similar to the network generated (Figure 7) and distribution is on the basis of numbers of 
proteins belonging to a particular GO term. These important processes might be related to 
the physiology and traits of miR156OE genotype such as increased biomass, higher leaf 
water potential, and tolerance to drought stress. In previous studies, miR156OE genotypes 
showed physiological response such as enhanced biomass yield, changes in lignin content, 
changes in sugar  
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Figure 7. Visualization of GO terms in Cytoscape generated through ClueGO.  
Differentially regulated biological process GO terms and network analysis in miR156OE genotype (A8T) relative to EVT under 
drought stress, which were generated by ClueGO when searched against M. truncatula protein database and visualized with 
Cytoscape software. Similar GO terms/pathways were grouped together to form 30 major groups. Nodes represent a single GO 
term and size represents the number of proteins in each GO term. Edges show the interactions between different GO terms. 
Different colors were assigned to different GO terms. 
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             Figure 8. Pie chart view of differentially regulated GO terms related to the biological 
process.   
These GO terms represent the pathways that might be involved in the better survival of the 
miR156OE genotype under drought stress conditions relative to EV. The distribution is on the basis 
of the number of proteins present under each GO term. The color code is similar to the colors 
represented in the network (Figure 7) (** P < 0.01 and * P < 0.05).    
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content, increased RWC, higher leaf water potential, enhanced photosynthetic capacity, 
increased stomatal conductance, accumulation of antioxidants and tolerance to abiotic 
stress, which supported the involvement of these pathways and biological processes (Aung 
et al., 2015; Gao et al., 2016; Arshad et al., 2017a; 2017b; Matthews et al., 2018). EV plants 
were susceptible to drought stress and perhaps were not able to carry out important cellular 
functions and hence, showed traits of stunted growth, less biomass yield, and less water 
content.   
3.5  Protein families involved in drought stress   
Next, the proteins/protein families which are well studied for their role in drought stress 
tolerance were identified from the list of proteins discussed in section 3.2. A BLAST search 
was performed between the protein sequences of differentially regulated proteins in A8T 
relative to EVT against DroughtDB, a drought stress gene database (Alter et al., 2015). It 
is a manually curated database and includes orthologous protein families from nine model 
and crop plants. It was used as a reference to facilitate a better understanding of the role of 
identified proteins/families in pathways related to drought stress tolerance. The identity 
percentage cut-off of sequences was kept at 70 %, taking into consideration that sequences 
come from different plant species. Protein families that were identified in the BLAST 
search (Table 2) are well known for their function in drought stress tolerance (see 
references are given in the table), such as PP2C family protein and bZIP transcription factor 
family protein that have a role in ABA signaling in response to drought stress. Calcium 
dependent protein kinase family, mitogen-activated protein family, receptor- like kinases, 
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Table 2. Identified protein families involved in drought stress tolerance while 
searched against DroughtDB through a BLAST search.   
Protein ID  Protein name   Database gene ID  References   
A0A072V5G1  ABC transporter family protein  AT1G15520.1  (Klein et al., 2003)  
A0A072ULQ2  Annexin  AT1G35720.1  (Meyer et al., 1994)  
G7J4Y2  Ascorbate peroxidase  AT1G07890.1_1  (Li et al., 2009)  
G7JHH4  Beta-glucosidase  AT1G52400.1  (Lee et al., 2006)  
G7IHV8  BZIP transcription factor  LOC_Os09g28310.1_1  (Zhang et al., 2011a)  
A0A072U502  
C3H2C3-type RING E3 ubiquitin 
ligase  
AT4G23450.1_1  (Ryu et al., 2010)  
A0A072TTW2  Calcium-dependent-protein kinase  AT4G04720.1  (Jiang et al., 2013)  
A0A072URI0  
Cytochrome P450 family 709 
protein  
AT4G19230.1  (Yan et al., 2016)  
G7I2Y3  Glutathione S-transferase  AT1G10370.1  (Chen et al., 2012)  
A0A072TZG2  K+ channel, inward rectifying  AT4G18290.1_1  (Lebaudy et al., 2008)  
G7JU59  LRR receptor-like kinase  AT1G69270.1  (Osakabe et al., 2005)  
A0A072TMU3  Mitogen-activated-protein kinase  Solyc12g009020.1.1_1  (Lu et al., 2013)  
G7KYQ4  Nuclear factor Y family protein  AT2G38880.1_1  (Nelson et al., 2007)  
G7JI50  Phospholipase D  Solyc06g068090.2.1_1  (Maarouf et al., 1999)  
A0A072V368  
Protein phosphatase 2C-like 
protein  
AT1G72770.1  (Robert et al., 2006)  
A0A072VJA9  
Zinc finger stress-associated 
protein  
LOC_Os06g41010.1  
(Kanneganti and Gupta,  
2008)  
Protein IDs refer to Appendix A and B  
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and zinc finger protein family are related to calcium signaling cascade as a drought stress 
response. There were other kinases and phosphatase protein families identified in the 
protein list, that were otherwise not identified based on sequence similarity against drought 
stress gene database. 
3.6 Immunoblot analysis for validation of proteins identified in label- 
free quantification under drought stress condition  
For the validation of proteomics dataset obtained from label-free quantification, six 
proteins were selected to perform immunoblotting using protein-specific primary 
antibodies. Proteins were selected based on higher fold change when comparing A8T to 
EVT and availability of commercial primary antibodies (Figure 9). Proteins which are 
validated includes-lipoxygenase (G7LIY2), HSP70 (G7JKF9), oxygen-evolving complex 
(G7IHD6), gibberellin receptor (G7ID32), ascorbate peroxidase (G7J4Y2) and chitinase 
(A0A072TT91). The fold change determined in immunoblotting for the proteins showed a 
consistency to fold change in proteomics data set for A8T relative to EVT which indicates 
the higher expression of these proteins in A8T relative to EV control and possibly have a 
role in drought stress response mediated by miR156.   
3.7  Transcriptional regulation under drought stress  
Gene expression analysis was conducted to further validate the proteomic data similar to 
immunoblotting. However, this is an indirect method because in quantitative real-time PCR 
mRNA levels are determined using a reference gene. The transcript levels of drought 
related genes encoding proteins identified from BLAST search discussed  
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Figure 9. Immunoblot analysis.   
Validation of selected proteins which were quantified by label-free quantification method in A8 
(miR156OE) line and EV (empty vector control) under drought stress conditions via 
immunoblotting using the Odyssey Infrared Imaging System (Li-COR). Twenty-five µg of soluble 
protein extract was separated in SDS-PAGE gels. Proteins were detected with specific primary 
antibodies. IRDye 800 anti-rabbit secondary antibody was used for the detection in 800-nm 
channel. The molecular weight (MW) is given on the left in kDa. LOX: lipoxygenase; OEC: 
oxygen-evolving complex of Photosystem II; HSP70: heat shock protein 70 kDa; APX: ascorbate 
peroxidase; GID: gibberellin receptor GID1; CHI1: chitinase class1. Protein IDs refer to Appendix 
A.   
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in the previous section and literature research were determined (Figure 10). The transcript 
level of genes such as ascorbate peroxidase (G7J4Y2), E3 ubiquitin-protein ligase UPL1-
like protein (A0A072U502) was found to be significantly higher in both EVT and A8T 
relative to their respective controls. However, transcript level of late embryogenesis 
abundant protein (group 3) (A0A072V5S0) (Ried and Walker-Simmons, 1993) and 
transducin/WD-like repeat-protein (G7KYH2) (Kong et al., 2015) was found to be 
significantly higher only in A8T relative to A8C. Leucine-rich receptor (G7JU59) and bZIP 
transcription factor (G7IHV8) showed a significantly decreased transcript levels under 
drought stress in EVT and A8T. Whereas, RING/FYVE/PHD-type zinc finger protein 
(A0A072VJA9) had decreased transcript level in EVT and higher transcript level in A8T. 
Calcium-dependent protein kinase family protein was found not to be significantly changed 
in any of the two genotypes. Six out of eight genes (75%) showed a similar pattern 
corresponding to their protein levels in our proteomics dataset in EVT and A8T genotype. 
Transcript levels of four genes, LEA, RING, UBI and WD-40 which were found to be 
significantly higher in A8T relative to EVT might be regulated by miR156 and the other 
three genes, LRR, APX and BZIP with higher transcript levels under drought stress for EVT 
and A8T, relative to respective controls (EVC and A8C) might be related to drought stress 
response in plants.   
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Figure 10. Transcriptional regulation.   
Transcript levels of genes related to drought stress were measured in EV and miR156OE line (A8) 
when subjected to 16 days of drought stress (water withholding). Normalized transcript levels were 
determined by qRT-PCR using reference genes ACC1 and ACTIN. Normalized transcript levels of 
genes are represented as the mean ± standard error of three biological replicates, with three 
technical replications for each biological replicate. Statistical significance was determined by t-test. 
* P < 0.05 and ** P < 0.001; Blue bar: control; Red bar: treated; LRR: leucine-rich receptor; LEA: 
late embryogenesis abundant protein; APX: ascorbate peroxidase; CDPK: calcium-dependent 
protein kinase; RING: ring finger domain; WD40: transducin/WD-like repeat-protein. Protein IDs 
refer to Appendix A and B.   
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3.8 Effect of miR156OE and drought stress on amino acid composition 
in alfalfa  
To determine the effect of drought stress on protein quantity and quality in miR156OE 
genotype, amino acid concentration and composition was determined after hydrolysis and 
oxidation reaction separately for cysteic acid as described in Jafari et al. (2016) (Table 3). 
There were no significant differences observed when EVC and A8C were compared, 
except for histidine, glycine, and methionine, which were found to be relatively higher in 
the miR156OE line. Under drought stress condition, the concentration of 15 amino acids 
was found to be relatively higher in miR156OE line except for glutamic acid. Essential 
amino acids such as leucine, valine threonine, lysine, phenylalanine, histidine, and 
methionine were higher in A8T than EVT. Similarly, non-essential amino acids except for 
Glx as mentioned in Table 3 were found to be higher in concentration in A8T than EVT 
under drought stress. The total protein content of miR156OE genotype was 1.1% (1057 ± 
4.37) higher in drought stress conditions compared to EVC.  
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Table 3. Total amino acid concentration in miR156OE line (A8) relative to EV.  
Amino acid EVC EVT A8C A8T EVC X A8C EVT X A8T 
ASX 182 ± 0.8 103 ± 0.6 182 ± 0.3 115 ± 0.5 NS ** 
GLX 162 ± 0.6 92.2 ± 0.6 165 ± 0.3 95.6 ± 0.3 NS NS 
SER 110 ± 0.3 64.2 ± 0.4 114 ± 0.2 72.6 ± 0.3 NS *** 
HIS 35.5 ± 0.1 21.8 ± 0.1 36.9 ± 0.1 24.2 ± 0.1 * ** 
GLY 171 ± 0.3 101 ± 0.7 178 ± 0.5 115 ± 0.5 * *** 
THR 99.1 ± 0.4 57.2 ± 0.3 100 ± 0.2 64.2 ± 0.3 NS ** 
ARG 86.0 ± 0.3 47.6 ± 0.3 87.6 ± 0.1 54.6 ± 0.3 NS *** 
ALA 158 ± 0.5 88.0 ± 0.6 161 ± 0.4 100 ± 0.4 NS *** 
TYR 57.3 ± 0.1 33.4 ± 0.2 59.0 ± 0.1 37.9 ± 0.2 NS *** 
VAL 124 ± 0.5 75.8 ± 0.5 126 ± 0.3 84.0 ± 0.3 NS ** 
MET 18.7 ± 0.1 9.83 ± 0.0 19.9 ± 0.1 11.8 ± 0.0 * *** 
PHE 86.6 ± 0.3 52.8 ± 0.3 88.4 ± 0.1 56.6 ± 0.3 NS * 
ILE 88.0 ± 0.4 53.4 ± 0.4 88.9 ± 0.2 59.9 ± 0.2 NS ** 
LEU 164 ± 0.6 94.5 ± 0.6 166 ± 0.2 107 ± 0.4 NS *** 
LYS 91.3 ± 0.2 52.8 ± 0.3 91.8 ± 0.4 58.6 ± 0.2 NS ** 
CYSA 21.3 ± 0.1 13.9 ± 0.1 21.8 ± 0.1 15.9 ± 0.0 NS ** 
Total amino 
acids 
1633± 5.1 947.5±5.9 1664± 3.4 1057± 4.4 
  
Values are expressed as the average of 3 replicates ± s.e.m. * P < 0.05, ** P < 0.001, *** P < 0.0001. EVC: empty vector 
control; EVT: empty vector drought treated; A8C: miR156OE line control; A8T: miR156OE line drought treated; ASX: 
ASN + ASP; GLX: GLN + GLU; CysA: cysteic acid; NS; not significant.  
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4: Discussion  
4.1  Research overview  
miR156 and its target SPL genes were identified in Dr. Abdelali Hannoufa’s laboratory 
(Aung et al., 2015; Gao et al., 2016). The role of miR156 in abiotic stress tolerance such as 
drought, heat, and salinity were studied by targeting downstream SPL13 (Arshad et al., 
2017a; 2017b; Matthews et al., 2018). However, no study was performed to investigate the 
role of miR156 in drought stress tolerance at the proteomic level. Based on the previous 
research, I proposed to compare the whole protein profiles of miR156OE genotype (A8) 
and EV control under drought stress. I also proposed to study the effect of drought on 
amino acid composition and protein quality of A8 and EV control lines.   
To quantify the levels of individual proteins in the two genotypes (A8 and EV), under 
standard control and drought stress conditions, label-free quantification was performed on 
leaf tissue using an LC-MS/MS technique. The raw data files were searched against the M. 
truncatula protein database as the whole genome has not yet been sequenced for alfalfa. 
Proteins which were found to be upregulated and downregulated in A8 line (Appendix A 
and B), might have a role in drought stress tolerance mediated by miR156. To validate the 
results of label-free quantification, six proteins were selected from the protein list and 
validated via immunoblotting for the increased levels of these proteins in A8 (Figure 9), 
which were found to be consistent with proteomic results. Subsequently, gene transcript 
levels of drought stress-related genes were quantified to determine if there is a correlation 
between the mRNA level and protein levels. Six out of eight (75%) genes showed a similar 
trend as in the proteome dataset (Figure 10). This result is consistent with the studies in the 
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literature focused on determining the correlation between mRNA and protein levels. There 
is often a positive relationship, however, moderate to negative correlation are also reported. 
Next, the amino acid composition was quantified in both genotypes under standard growth 
and drought stress conditions after acid hydrolysis reaction. Cysteine was measured 
separately after oxidation. There were significantly higher concentrations of 15 amino 
acids in miR156OE genotype relative to EVT and only for three amino acids under the 
control condition (Table 3). This indicates the role of miR156 in maintaining the higher 
protein concentration in alfalfa under drought stress. This finding can be exploited in the 
future to enhance the nutritional quality of alfalfa. Moreover, some physiological tests were 
performed to determine the role of miR156 in reducing water loss and maintaining higher 
biomass under drought stress (Figure 3 and 4). The A8 line showed higher LWP than EVT, 
similarly, A8T had higher shoot dry weight as compared to EVT. Hence, these findings 
suggested that miR156OE has contributed to the better survival of plants in drought stress.  
4.2 Physiological response to drought stress in alfalfa   
Crop plants can resist drought stress better if they have high water-use efficiency (Blum, 
2005). Water-use efficiency is defined as the amount of biomass production for a given 
amount of water. These crops can take up water from soil more efficiently than others or 
they produce more biomass relative to the amount of transpired water (Condon et al., 2004). 
Alfalfa is known for its high water-use efficiency (Putnam, 2001). Another important factor 
that has a role in drought stress tolerance is cell turgor. Turgor pressure is the pressure that 
occurs when the plasma membrane pushes against the cell wall due to the cytoplasm and 
vacuoles being full of water, this contributes to the rigidity and mechanical stability of non-
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lignified plant tissue, and is responsible for cellular functions such as cell enlargement, gas 
exchange in the leaves, transport in the phloem, and transport processes across membranes. 
To maintain the internal water balance of the cell, compatible solutes are accumulated such 
as proline, glycine betaine and some sugars (Lucas et al., 2016).   
Leaf water potential is the measure of plant water status, plants with higher LWP show the 
ability to reduce water loss under drought stress conditions (Jongdee et al., 2002). To 
determine the effect of miR156 on water status in alfalfa midday leaf water potential was 
measured, miR156OE genotype (A8) had significantly higher LPW (0.4 MPa) than EV 
control plants under drought stress which indicates the role of miR156 in alleviating water 
loss in alfalfa (Figure 3). Similar results were reported by Arshad et al. (2017a) where there 
was higher relative water content (RWC) in miR156OE genotypes relative to empty vector 
control. Also, a higher concentration of proline as an osmolyte was observed that has a 
major role in acclimation of plants to water deficit. In another study on alfalfa under heat 
stress, it was reported that with a reduction in RWC there was an increase in proline 
accumulation (Li et al., 2013). It can be inferred from these studies that water status and 
osmolyte accumulation are co-related. Leaf water potential has been used as a parameter 
to identify the drought stress tolerant varieties in many crops (Blum and Ebercon, 1976; 
Matin et al., 1989).  
Shoot dry weight was also measured and the A8 line showed higher biomass production 
compared to EV control under standard growth and drought stress conditions (Figure 4). 
Similar results were shown by Aung et al. (2015) and Arshad et al. (2017a) in miR156OE 
genotypes relative to EV controls in alfalfa. Moreover, there are various studies that 
showed the role of miR156 in altering plants traits including flowering time, enhanced 
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biomass production and increased vegetative phase, among others (Schwarz et al., 2008; 
Fu et al., 2012; Bhogale et al., 2013; Zhou and Luo, 2013). Hence, it was confirmed that 
overexpression of miR156 effects biomass production.  
4.3 Enriched functional categories/pathways in miR156OE genotype 
under drought stress  
GO term enrichment analysis was performed to understand the pathways involved in A8 
genotype those might be mediated by miR156 and have a role in drought stress tolerance. 
In A8T, 661 significantly enriched GO terms were identified which are classified into three 
major categories: biological processes, molecular function, and cellular components 
relative to EVT. Under control conditions, 271 GO terms were identified in the three major 
categories. Some of the functional categories were found to be common between the two 
groups but were having a different number of proteins in each category. Functional 
categories such as water transport, stomatal movement, response to abiotic stress, heat 
shock protein binding, positive regulation of abscisic acid-activated signaling pathway, 
generation of precursor metabolites and energy and chaperone binding were found to be 
unique in A8T. Under stomatal movement and water transport, category 10 proteins were 
identified. These included syntaxin of plants 122 protein (G7I8J4), multidrug resistance 
protein ABC transporter family protein (G7IF78), phospholipase D (G7JI50), extracellular 
calcium-sensing receptor (G7JT26), ricin-type beta-trefoil lectin domain protein 
(G7KZD5), phosphotransferase (G7L7F0) and phytochrome protein B (G7IFW3). These 
proteins are found involved in drought stress tolerance in various plant species and some 
of these proteins are explained in the next section.  
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4.3.1 Effect of miR156OE on alfalfa water status  
The ABC-transporter superfamily is a large family of proteins known for their role in 
translocating a wide variety of substrates across extra- and intracellular membranes. That 
includes sugars, amino acids, proteins, and a large number of hydrophobic compounds and 
metabolites (Martinoia et al., 2002; Yazaki, 2006). Also, the role of multidrug-resistant 
protein, AtMRP5 was reported in guard cell functioning and efficient water use in 
Arabidopsis. Another multidrug-resistant protein found in the guard cell, AtMRP4 was 
determined to have a role in drought stress tolerance. atmrp4 mutants had disrupted 
stomatal movement and were susceptible to drought stress (Klein et al., 2003; Klein et al., 
2004). Moreover, overexpression of miR169 in tomato enhanced drought stress tolerance 
by targeting SlMRP1 gene and downregulating its expression (Zhang et al., 2011b). 
Referring to the previous studies and presence of ABC transport family protein in increased 
levels in A8 genotype indicates that miR156 might be targeting proteins in this family and 
enhancing tolerance in alfalfa (Ferdous et al., 2015).   
Calcium-sensing receptor protein is localized in thylakoid membrane in Arabidopsis and 
was found to have a role in opening and closing of stomata (Nomura et al., 2008). Similarly, 
OsCAS gene from Oryza sativa was expressed in Arabidopsis and transgenic plants showed 
better resistance to drought stress by decreasing damage to the cell membrane, increased 
accumulation of osmoprotectants, and maintaining a relatively high photosynthetic 
capacity (Zhao et al., 2015). This receptor protein was found to be in increased levels in 
A8T and might involve in a calcium signaling pathway to alter gene expression in response 
to drought.   
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Similarly, phospholipid signaling is a very important signaling process in plants that found 
to have a role in various development processes and environmental adaptations that 
involves phospholipases A2, C, and D. Many studies supported the role of phospholipase 
D in water deficit response and tolerance (Frank et al., 2000; Katagiri et al., 2001; 
Bargmann and Munnik, 2006). Also, it was reported that the level of phosphatidic acid 
(PtdOH) generated by phospholipase D transiently increased after ABA treatment of 
aleurone and guard cells (Jacob et al., 1999). This explains the close association of ABA 
signaling with phospholipid signaling. ABA is a well-studied phytohormone for its role in 
drought stress tolerance (Peleg and Blumwald, 2011). Endogenous ABA accumulation 
leads to instant stomatal closure and induces expression of stress-related genes. Various 
studies reported the role of miRNAs in combating drought stress through ABA signaling 
mechanism (Reyes and Chua, 2007; Arenas-Huertero et al., 2009; Liya et al., 2009; 
Covarrubias and Reyes, 2010; Song et al., 2013; Cui et al., 2014). In alfalfa, transcript 
levels of NCED3 and ZEP (zeaxanthin epoxidase) were found to be relatively high in 
miR156OE genotypes including A8, also the concentration of ABA was found to be 
significantly higher in miR156OE genotypes. (Arshad et al., 2017a). This indicates the role 
of miR156 in combating drought stress through the ABA-dependent pathway. ABA 
biosynthesis and its catabolism are mediated by the stress and perhaps ABA negatively 
regulates its own biosynthesis through a feedback mechanism. Cytochrome P450 family 
protein (A0A072URI0) was found to be present in higher abundance in A8T relative to 
EVT. This large and diverse group of enzymes catalyzes the oxidation of organic substrates 
including metabolic intermediates such as lipids and steroidal hormones, drugs and toxic 
chemicals. Thus, P450s are involved in the breakdown of toxic compounds in the cell and 
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have frequently been found to be modulated by stress (Oztur et al., 2002) and also 
associated with ABA catabolism. In Arabidopsis, the CYP707A3 gene is responsible for 
the hydroxylation at the 8'-position of ABA which is a very important step in ABA 
catabolism (Kushiro et al., 2004).   
4.3.2 Effect of miR156OE on photosynthesis in alfalfa  
Photosynthesis is one of the important processes that are is affected by abiotic stress 
(Chaves et al., 2009). Under drought stress, there is the sudden closure of stomata which 
leads to a decrease in available chloroplast CO2 which consequently causes a decrease in 
photochemical yield of open PS II centers, decline in the activity of some enzymes, e.g. 
sucrose phosphate synthase and nitrate reductase and an increase in the activity of ribulose 
1,5-bisphosphate oxygenase. The overall decrease in photosynthesis results in a generation 
of reactive oxygen species which ultimately reduces plant growth and development 
(Björkman and Powles, 1984; Massacci et al., 2008; Chaves et al., 2009).  
In A8T, 22 proteins related to “generation of metabolites” category were found to be in 
increased levels including: protein disulfide-isomerase LQY1 (G7I748), 
phosphotransferase (G7I766,) pyrophosphate-fructose 6-phosphate 1-phosphotransferase 
subunit alpha (G7IA37), pyruvate kinase (A0A072VP40), TPR protein (A0A072VQ51), 
phosphoenolpyruvate carboxylase G7IH71, oxygen-evolving enhancer protein (G7IHD6), 
photosystem II biogenesis protein (I3SMR8), cytosolic triosephosphate isomerase 
I3S3S0ATP-dependent zinc metalloprotease FTSH protein (A0A072V376), photosystem 
I iron-sulfur center (A2Q593), fructose-bisphosphate aldolase (A0A072ULB0), ferredoxin 
(G7K3M7), malate dehydrogenase (G7K140), fructose-bisphosphate aldolase (G7K694), 
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chlorophyll a-b binding protein, chloroplastic (A0A072U9H4), phosphopyruvate 
hydratase (G7KNB8) and ATP-dependent 6-phosphofructokinase (G7LJ94). There are 
some examples from the literature which have explained the involvement of the abovelisted 
proteins in drought stress tolerance. Oxygen-evolving enhancer protein was found to be 
downregulated in drought and salinity stress in many plant species for example 
(Echevarría-Zomeño et al., 2009; Rahman et al., 2016). Also, chloroplastic chlorophyll ab 
binding protein and fructose-bisphosphate aldolase were found to be in altered abundances 
under stress conditions (Abbasi and Komatsu, 2004; Aranjuelo et al., 2011; Lu et al., 2012; 
Zadražnik et al., 2013). Similarly, the repression of other genes involved in the synthesis 
of proteins/enzymes in the Calvin cycle under drought stress was reported (Krapp et al., 
1991; Koch, 1996). These studies clearly connect the negative effect of drought stress and 
other stresses on photosynthesis. However, in this study miR156OE genotype showed a 
high abundance of the proteins involved in photosynthesis and carbohydrate metabolism 
relative to EV control. Hence it can be inferred that A8T plants were able to withstand 
drought stress and capable to perform important functions involved in energy production 
and metabolism. Also, the plants were green and healthy at the end of the drought 
treatment. On the other hand, EV control plants were seen to be wilted and yellowish at the 
end of the drought treatment, as they were not able to respond to water deficit. Also, it was 
reported that miR156 overexpressed genotypes had more stomatal conductance, gaseous 
exchange capacity and high chlorophyll content than EV control alfalfa plants under 
drought and heat stress conditions (Arshad et al., 2017a; Matthews et al., 2018). These 
results supported the proteomic dataset and it can be inferred that miR156 is enhancing 
drought stress tolerance by regulating genes involved in photosynthesis in alfalfa.  
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4.3.3 miR156 enhances accumulation of secondary metabolites and 
antioxidants under drought stress   
Furthermore, proteins related to production of specialized (secondary) metabolites were 
identified such as chalcone-flavanone isomerase family protein (G7I9U4), geranylgeranyl 
pyrophosphate synthase (D6Q1T5), glutamate decarboxylase (G7J8M7), chorismate 
synthase (G7I3B2), chorismate mutase (G7I7N4), cinnamyl alcohol dehydrogenase-like 
protein (G7KGI6), carotenoid cleavage dioxygenase (B5BLW2) and caffeic acid 
Omethyltransferase (G7I7A7). Secondary metabolites play a major role in the adaptation 
of plants to the environment and in overcoming stresses such as heat, salinity, drought and 
freezing temperature (Wahid and Ghazanfar, 2006; Oh et al., 2009; Akula and 
Ravishankar, 2011). Some of the plant-derived secondary metabolites are drugs such as 
morphine, codeine, cocaine, quinine. alkaloids, colchicines, pilocarpine, reserpine, and 
steroids like diosgenin, digoxin and digitoxin, flavonoids and phenolics. The increased 
amount of flavonoids and phenolic acids were reported in willow leaves under drought 
stress. Drought stress also influenced changes in the ratio of chlorophyll a-b and 
carotenoids in cotton and Catharanthus roseus (Akula and Ravishankar, 2011). 
Anthocyanins are reported to accumulate under abiotic stress such as drought and 
lowtemperature and plants accumulating more anthocyanins are usually more resistant to 
stress than others (Linda, 1999). Increased levels of the proteins related to the synthesis of 
metabolites in A8T might enhance drought tolerance which is mediated by miR156.  
Glutamate decarboxylase is an enzyme involved in the biosynthesis of the amino acid 
γaminobutyric acid (GABA) which is transported to the mitochondria. GABA has an 
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important role in maintaining carbon-nitrogen balance and ROS scavenging during 
environmental stresses. Arabidopsis mutants defective in GABA-T (GABA-transaminase) 
were hypersensitive to ionic stress and showed increased levels of amino acid (including 
GABA) (Fait et al., 2005). GABA was reported being involved in regulating stomatal 
opening and closure during drought stress in Arabidopsis. GAD1 and GAD2 gene 
knockouts affected the accumulation of GABA and mutant plants were wilted earlier 
compared to wild-type plants due to the defective stomatal closure mechanism (Mekonnen 
et al., 2016). Glutamate decarboxylase was found to be higher in A8T relative to EVT, this 
indicates its role in drought stress tolerance that might be regulated by miR156. miRNAs 
are studied for their role in responding to drought stress by the accumulation of antioxidants 
and secondary metabolites (Phillips et al., 2007; Lu and Huang, 2008). Cui et al. (2014) 
studied the relationship of the miR156-SPL9-DFR pathway with plant development and 
abiotic stress tolerance in Arabidopsis. They found that miR156-SPL9 directly influences 
anthocyanin biosynthesis through anthocyanin metabolism-associated genes including 
DIHYDROFLAVONOL-4-REDUCTASE (DFR) and PRODUCTION OF ANTHOCYANIN 
PIGMENT 1 (PAP1). Also, miR156OE induced an increased accumulation of total 
phenolic compounds which further resulted in increased antioxidants levels in alfalfa under 
heat stress (Matthews et al., 2018). These studies are clearly indicating the effect of miR156 
on abiotic stress tolerance through the production of secondary metabolites and also 
supporting the presence of proteins related to the production of secondary metabolites in 
increased level in A8 in response to drought.   
Enzymatic antioxidants such as ascorbate peroxidase, glutathione-S-transferase, 
superoxide dismutase, peroxidase, thioredoxin, and catalase were found to be in high 
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abundance in A8T relative to EVT. Moreover, the transcript levels of antioxidant enzymes 
such as catalase were found to be high in mi156OE genotypes in alfalfa under drought and 
heat stress (Arshad et al., 2017a; Matthews et al., 2018). Various proteomic studies showed 
the enhanced capacity for ROS scavenging as an important mechanism in abiotic stress 
tolerance (Hajheidari et al., 2007; Peng et al., 2009; Ford et al., 2011; Rahman et al., 2016). 
Ascorbate peroxidase which is an enzyme belonging to the class 1 peroxidases and is 
associated with ROS scavenging by the elimination of hydrogen peroxide, was found to be 
higher in drought stress condition. Similarly, catalase is one of the most efficient ROS 
scavenging systems and is believed to have a role as the bulk remover of H2O2 under stress 
which again supports the findings in the present study where the catalase level is higher in 
drought stress (Pigeolet et al., 1990; Mittler, 2002; Jebara et al., 2005).  
4.3.4 Effect of miR156OE on stress-related proteins  
Other proteins that were differentially expressed in A8T were LEA and HSP proteins 
(Appendix A and B). LATE EMBRYOGENESIS ABUNDANT (LEA) proteins 
accumulate during the late stages of embryogenesis and accumulate in response to abiotic 
stress. A group of LEA proteins was found to accumulate in Arabidopsis, barley, and wheat 
in response to drought, salinity and freezing temperatures (Xu et al., 1996; Steponkus et 
al., 1998; Sivamani et al., 2000). The 70 kDa heat shock protein (HSP70) is a molecular 
chaperone that plays an essential part in the protection against stress by helping to stabilize 
and repair the proteins that are damaged during stress. HSP70 proteins are present in the 
cytosol, the chloroplast, mitochondria, and the endoplasmic reticulum. The activity of 
HSP70s is modulated by binding and hydrolysis of ATP, and they prevent aggregation, 
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assist in refolding of proteins, take part in protein import and translocation and facilitate 
degradation of damaged proteins by directing them to the lysosomes or proteasomes (Hartl, 
1996; Sadiq et al., 2011). Heat shock proteins are induced by abiotic stress and found to 
combat stress in many plants (Sun et al., 2001; Fotovat et al., 2017; Jacob et al., 2017). It 
can be speculated that LEA proteins and HSPs were involved in enhancing drought stress 
and might be regulated by miR156.   
4.3.5 Transcription factors: potential targets of miR156  
In the leaf proteome study of alfalfa under drought stress, some transcription factors were 
found to be differentially regulated in A8T (Appendix A, B) such as bZIP transcription 
factors, WD40 repeat TFs, and zinc finger TF of C-x8-C-x5-C-x3-H type. These 
transcriptions factors could be the direct or indirect targets of miR156 and hence enhance 
tolerance. Various studies support the involvement of the bZIP transcription factor in 
abiotic stress tolerance through the ABA-dependent pathway (Uno et al., 2000; Shinozaki 
et al., 2003; Huang et al., 2010). The ABA-dependent pathway is a well-studied pathway 
for its role in combating drought stress through a cascade of signals. Similarly, WD40 
repeat proteins are studied for their role associated with stress response (Mishra et al., 
2012). Gao et al. (2011) reported the accumulation of anthocyanins through MYB69bHLH-
WD40 complex. Arshad et al. (2018) found WD40-2 as another target of miR156 that 
perhaps has a role in enhancing drought stress tolerance and heat stress tolerance in alfalfa. 
It was found to be downregulated in transcriptome dataset of miR156OE genotype and its 
transcript level was low in SPL13i genotype (Matthews et al., 2018). Another study 
suggests that WD40 proteins also act as positive regulators of plant response to salinity and 
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drought stress. Overexpression of TaWD40 in wheat enhanced tolerance to drought and 
salt stress. These studies indicate the role of Transducin/WD-like repeat-protein family in 
stress tolerance. In my results, Transducin/WD-like repeat-protein was upregulated and 
this might have a role in making A8 more tolerant to drought.  
4.4 Immunoblotting for validation of proteomic data and 
transcriptional regulation  
Immunoblot analysis validated the proteins abundance corresponding to the proteomic 
dataset (Figure 9). Proteins high in fold change in the protein list in A8T relative to EVT 
(Appendix A) were selected and identified by using specific primary antibodies. Hsp70, 
lipoxygenase, oxygen-evolving complex, ascorbate peroxidase was found to be high in 
A8T, ~1.5-2.5-fold increase. Chitinase and gibberellin receptor were found be higher by 
8.2 and 3.9-fold in A8T, respectively. These fold changes were consistent to fold change 
in the proteomic dataset (Figure 9). The role of most of these proteins in drought stress 
tolerance has been explained in upper sections. The transcripts levels of selected drought 
stress-related genes were quantified by quantitative PCR to find the correlation between 
mRNA levels and proteins abundance (Figure 10). Six (75%) out of eight genes showed a 
similar pattern of transcript levels and protein abundance. These included: LRR (G7JU59), 
APX (G7J4Y2), LEA (A0A072V5S0), RING (G7J5A0), UBI (G7JYH3), WD40 
(G7KYH2). However, the transcript level of bZIP transcription factor (A0A072U839) was 
found to be lower in A8T and no significant difference was found in the transcript level of 
CDPK (A0A072TTW2) which were otherwise had higher protein levels. Furthermore, it 
has been reported in the previous studies that mRNA levels and protein abundance does 
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not always show a positive correlation (Gygi et al., 1999; Maier et al., 2009; Vogel and 
Marcotte, 2012). Vogel and Marcotte (2012) proposed a model to explain the variation in 
mRNA levels and protein abundance. Often, proteins are undetectable when mRNA levels 
are low, but the proteins are highly detectable when mRNA levels are higher, hence RNA 
expression acts in an 'on' and 'off' switch-fashion. Regulation of transcript abundance could 
be thought of as controlling the on or off state of each gene and setting the order of 
magnitude of protein abundances. Combination of post-transcriptional, translational and 
degradative regulation, via miRNAs or other mechanisms (Mukherji et al., 2011), then 
adjusts protein abundance to their appropriate levels. Another factor is that proteins exhibit 
a larger dynamic range of concentrations than transcripts do. Such differential signal 
amplification perhaps occurs by a post-transcriptional mechanism (Lundberg et al., 2010).   
4.5 Enhanced protein quality and quantity in alfalfa under the 
influence of miR156  
Overexpression  of  miR156  enhanced  tolerance  in  alfalfa through possible 
proteins/pathways which is explained in detail in the above sections. Next, I was interested 
to study if overexpression of miR156 has any impact on protein quality and total protein 
content. To determine the amino acid composition and their concentrations, hydrolysis 
reaction was performed for all amino acids except for cysteine. To quantify cysteic acid, 
oxidation reaction was performed. After performing the hydrolysis and oxidation reaction 
on A8 and EV control plants, enhancement in the amino acid concentrations (nmol/mg) 
was observed in A8C relative to EVC for ASP, VAL, MET, GLY, LEU, LYS, SER, HIS, 
THR, ARG, ALA, PHE, ILE and CYSA (Cysteic acid) (Table 3). Only glutamic acid was 
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not found to be significantly different in A8 and EV under standard control and drought 
stress conditions. Glutamic acid is an important precursor in the synthesis of GABA, and 
in the proteomic dataset, glutamate decarboxylase was found in high abundance in A8 
under stress condition which converts glutamate to GABA. Furthermore, it was reported 
that GABA has a role in enhancing drought tolerance and has been studied extensively in 
many plant species (Serraj et al., 1998; Kinnersley and Turano, 2000; Fait et al., 2005; 
Silvente et al., 2012; Mekonnen et al., 2016), hence it can be inferred that miR156 perhaps 
regulating the synthesis of GABA in response to drought stress in alfalfa.  
Various studies were reported that showed the change in the concentration of free amino 
acids or protein-bound amino acids in drought stress. Free amino acids such as alanine, 
proline was found to be upregulated in stress condition whereas glutamic acid and aspartic 
acid were found to be down-regulated and an overall decrease in protein synthesis was 
reported (Barnett and Naylor, 1966; Good and Zaplachinski, 1994; Aranjuelo et al., 2011). 
Essential amino acids such as methionine and histidine were found to be significantly 
higher in A8 than EV under control and drought stress conditions which could contribute 
to an increase in the nutritional quality of proteins. Essential amino acids are not produced 
in animals and human body but have to be taken through diet. This finding can be exploited 
to do further genetic manipulations to produce varieties with an increase in the 
concentrations of essential amino acids in alfalfa. Because alfalfa as a legume, are an 
important source of protein for livestock and are also consumed by humans. Moreover, 
studies have been reported where overexpression of Arabidopsis gene cystathionine γ‐
synthase gene in alfalfa enhanced the level of methionine and cysteine ~2 fold in transgenic 
lines relative to wildtype (Avraham et al., 2005). In another study, overexpression of E. 
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coli aspartate kinase enhanced the levels of threonine by modulating the aspartate-family 
amino acid biosynthetic pathway (Galili et al., 2000).   
To sum up, in this study, drought stress did negatively affect the concentration of amino 
acids in alfalfa in both genotypes, however, overall concentrations of amino acids were 
significantly higher by 1.1% in A8 relative to EV. It can be speculated that miR156 is 
regulating the synthesis of amino acids or proteins those were found to be in higher 
abundance in A8 relative to EV control under stress condition.  
4.6  Conclusion  
In this study, whole leaf proteome profiles of alfalfa genotypes A8 (miR156OE) and EV 
were compared under drought stress. Gene ontology enrichment analysis showed the 
abundance of proteins involved in biological and molecular processes such as antioxidant 
response, response to stress, stomatal movement, ABA signaling, and biosynthesis of 
secondary metabolites. Protein families related to signaling like MAPK, CDPK, PP2C, 
transcriptional regulators including bZIP and zinc finger proteins were found to be 
differentially regulated (Figure 11). It can be inferred that the identified protein families 
could be the potential targets of miR156 which perhaps enhanced drought tolerance in 
alfalfa. MiR156 suppresses the expression of transcription factors which must be the 
negative regulators of plant response to drought stress and these transcription factors 
further regulates the downstream genes. These findings were supported by the 
physiological response which showed a reduction in water loss in A8 with increased 
biomass yield. Immunoblot analysis validated the fold change in proteins obtained from 
label-free quantification of alfalfa leaf proteome. Transcriptional analysis of selected 
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roteins showed a correlation (75%) between transcript levels and protein abundance. Also, 
in miR156OE genotype there was an increase in the total protein content. To sum up all my 
findings a proposed model is presented at the end of this section (Figure 11). This study 
supports the previously published reports by Arshad et al. (2017a); (2017b) and Matthews 
et al. (2018), stating the role of miR156 in enhancing tolerance to drought, salinity, and 
heat stress.  
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Figure 11. Proposed model of miR156 regulated gene network under drought stress 
in alfalfa.
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5: Future directions  
 
Looking forward, a re-examination of the label-free quantification of whole leaf proteome 
of the SPL13i line is required to correspond to the findings in miR156OE genotypes under 
stress condition. Furthermore, a comparison between whole leaf proteome and root 
proteome for both miR156OE line and the SPL13i line would the intriguing to determine 
the proteins that are differentially regulated in two different tissues and identify 
tissuespecific response under drought stress. However, there are some limitations with 
label-free quantification method for identifications of proteins, machine (mentioned in 
section 2.5) has a limit to quantify low levels of protein to a certain level. Hence, the 
proteins present at very low levels can not be determined and those might be important in 
drought tolerance mediated by miR156. To overcome this limitation, high abundant 
proteins can be removed, and only low abundant proteins can be extracted and further 
quantified (Chen et al., 2015).   
Post-transcription/post-translation modifications such as phosphorylation are an important 
component of signaling during abiotic stress tolerance. A phosphoproteome analysis will 
identify the important gene products which are phosphorylated post-translationally, the 
phosphopeptides and phosphosites in response to drought stress. This analysis will have 
the potential to understand the signaling pathways/mechanism involved in drought stress 
tolerance by identifying the amino acid motifs surrounding phosphosites and specific 
phosphosites that are different between the treatments. Part of standardizing the protocol 
for phosphoproteome enrichment was done using TiO2 beads as mentioned in Marx et al. 
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(2016) for the controls sample and further analysis can be done for drought stressed 
condition.   
For commercial use of miR156OE line, large field trials should be performed to know if 
these lines are still tolerant to abiotic stress and exhibiting desirable agronomic traits in the 
natural environment as in greenhouse conditions.  
  
  
  
   
76  
 
References  
Abbasi, F.M., and Komatsu, S. (2004). A proteomic approach to analyze salt-responsive 
proteins in rice leaf sheath. Proteomics 4, 2072-2081.  
Ahmad Anjum, S., Xie, X.-y., Wang, L.-c., Farrukh Saleem, M., Man, C., and Lei, W. 
(2011). Morphological, physiological and biochemical responses of plants to drought 
stress. African Journal of Agricultural Research 6, 2026-2032.  
Ahmad, P., Jaleel, C.A., Salem, M.A., Nabi, G., and Sharma, S. (2010). Roles of enzymatic 
and nonenzymatic antioxidants in plants during abiotic stress. Critical Reviews in 
Biotechnology 30, 161-175.  
Akula, R., and Ravishankar, G.A. (2011). Influence of abiotic stress signals on secondary 
metabolites in plants. Plant Signaling and Behavior 6, 1720-1731.  
Allen, C.D., Macalady, A.K., Chenchouni, H., Bachelet, D., McDowell, N., Vennetier, M., 
Kitzberger, T., Rigling, A., Breshears, D.D., Hogg, E.H., Gonzalez, P., Fensham, R., 
Zhang, Z., Castro, J., Demidova, N., Lim, J.-H., Allard, G., Running, S.W., Semerci, 
A., and Cobb, N. (2010). A global overview of drought and heat-induced tree mortality 
reveals emerging climate change risks for forests. Forest Ecology and Management 259, 
660-684.  
Allen, E., Xie, Z., Gustafson, A.M., Sung, G.-H., Spatafora, J.W., and Carrington, J.C. 
(2004). Evolution of microRNA genes by inverted duplication of target gene sequences in 
Arabidopsis thaliana. Nature Genetics 36, 1282.  
Alter, S., Bader, K.C., Spannagl, M., Wang, Y., Bauer, E., Schön, C.-C., and Mayer, 
K.F.X. (2015). DroughtDB: an expert-curated compilation of plant drought stress genes 
and their homologs in nine species. The Journal of Biological Databases and Curation 
2015, 1-7.  
Annicchiarico, P., Barrett, B., Brummer, E.C., Julier, B., and Marshall, A.H. (2015). 
Achievements and challenges in improving temperate perennial forage legumes. Critical 
Reviews in Plant Sciences 34, 327-380.  
Aranjuelo, I., Molero, G., Erice, G., Avice, J.C., and Nogués, S. (2011a). Plant physiology 
and proteomics reveals the leaf response to drought in alfalfa (Medicago sativa L.). Journal 
of Experimental Botany 62, 111-123.  
Arenas-Huertero, C., Pérez, B., Rabanal, F., Blanco-Melo, D., De la Rosa, C., 
EstradaNavarrete, G., Sanchez, F., Covarrubias, A.A., and Reyes, J.L. (2009). 
Conserved and novel miRNAs in the legume Phaseolus vulgaris in response to stress. Plant 
Molecular Biology 70, 385-401.  
77  
 
Arshad, M., Feyissa, B.A., Amyot, L., Aung, B., and Hannoufa, A. (2017a). MicroRNA156 
improves drought stress tolerance in alfalfa (Medicago sativa) by silencing SPL13. Plant 
Science 258, 122-136.  
Arshad, M., Gruber, M.Y., and Hannoufa, A. (2018). Transcriptome analysis of 
microRNA156 overexpression alfalfa roots under drought stress. Scientific Reports 8, 
9363-9376.  
Arshad, M., Gruber, M.Y., Wall, K., and Hannoufa, A. (2017b). An insight into 
microRNA156 role in salinity stress responses of alfalfa. Frontiers in Plant Science 8, 356-
371.  
Assmann, S.M. (2003). OPEN STOMATA1 opens the door to ABA signaling in  
Arabidopsis guard cells. Trends in Plant Science 8, 151-153.  
Aung, B., Gruber, M.Y., Amyot, L., Omari, K., Bertrand, A., and Hannoufa, A. (2015b). 
MicroRNA156 as a promising tool for alfalfa improvement. Plant Biotechnology Journal 
13, 779-790.  
Aung, B., Gruber, M.Y., and Hannoufa, A. (2015a). The MicroRNA156 system: A tool in 
plant biotechnology. Biocatalysis and Agricultural Biotechnology 4, 432-442.  
Avraham, T., Badani, H., Galili, S., and Amir, R. (2005). Enhanced levels of methionine and 
cysteine in transgenic alfalfa (Medicago sativa L.) plants over-expressing the Arabidopsis 
cystathionine γ-synthase gene. Plant Biotechnology Journal 3, 71-79.  
Badhan, A., Jin, L., Wang, Y., Han, S., Kowalczys, K., Brown, D.C., Ayala, C.J., Latoszek-
Green, M., Miki, B., Tsang, A., and McAllister, T. (2014). Expression of a fungal ferulic 
acid esterase in alfalfa modifies cell wall digestibility. Biotechnology for biofuels 7, 39-
54.  
Balliette, J., and Torell, R. (2009). Alfalfa for beef cows. University of Neveda Cooperative 
Extention, 1-6.  
Bargmann, B.O.R., and Munnik, T. (2006). The role of phospholipase D in plant stress 
responses. Current Opinion in Plant Biology 9, 515-522.  
Barnett, N.M., and Naylor, A.W. (1966). Amino ccid and protein metabolism in Bermuda 
grass during water stress. Plant Physiology 41, 1222-1230.  
Bartels, D., and Sunkar, R. (2005). Drought and salt tolerance in plants. Critical Reviews in 
Plant Sciences 24, 23-58.  
Battista, J.R., Park, M.J., and McLemore, A.E. (2001). Inactivation of two homologues of 
proteins presumed to be involved in the desiccation tolerance of plants sensitizes 
Deinococcus radiodurans R1 to desiccation. Cryobiology 43, 133-139.  
78  
 
Baucher, M., Bernard-Vailhe, M.A., Chabbert, B., Besle, J.M., Opsomer, C., Van 
Montagu, M., and Botterman, J. (1999). Down-regulation of cinnamyl alcohol 
dehydrogenase in transgenic alfalfa (Medicago sativa L.) and the effect on lignin 
composition and digestibility. Plant Molecular Biology 39, 437-447.  
Bhogale, S., Mahajan, A., Natarajan, B., Rajabhoj, M., Thulasiram, H.V., and Banerjee, 
A.K. (2013). MiRNA156-a potential graft-transmissible microRNA that modulates plant 
architecture and tuberization in potato (Solanum tuberosum ssp andigena). Plant 
Physiology 164, 1011-1027.  
Bindea, G., Mlecnik, B., Hackl, H., Charoentong, P., Tosolini, M., Kirilovsky, A., 
Fridman, W.-H., Pagès, F., Trajanoski, Z., and Galon, J. (2009). ClueGO: a Cytoscape 
plug-in to decipher functionally grouped gene ontology and pathway annotation networks. 
Bioinformatics 25, 1091-1093.  
Björkman, O., and Powles, S.B. (1984). Inhibition of photosynthetic reactions under water 
stress: interaction with light level. Planta 161, 490-504.  
Blum, A. (2005). Drought resistance, water-use efficiency, and yield potential-Are they 
compatible, dissonant, or mutually exclusive? Australian Journal of Agricultural Research 
56, 1159-1168.  
Blum, A., and Ebercon, A. (1976). Genotypic responses in sorghum to drought stress. III. Free 
proline accumulation and drought resistance. Crop Science 16, 428-431.  
Boyer, J.S. (1982). Plant productivity and environment. Science 218, 443-448.  
Bray, E.A. (1997). Plant responses to water deficit. Trends in Plant Science 2, 48-54.  
Bray, E.A., Baileyserres, J., and Weretilnyk, E. (2000). Responses to abiotic stresses, in 
Buchanan.  
Browne, J., Tunnacliffe, A., and Burnell, A. (2002). Anhydrobiosis: plant desiccation gene 
found in a nematode. Nature 416, 38.  
Burbidge, A., Grieve, T., Jackson, A., Thompson, A., and Taylor, I. (1997). Structure and 
expression of a cDNA encoding a putative neoxanthin cleavage enzyme (NCE), isolated 
from a wilt-related tomato (Lycopersicon esculentum Mill.) library. Journal of 
experimental botany 48, 2111-2112.  
Bustin, S.A., Benes, V., Garson, J.A., Hellemans, J., Huggett, J., Kubista, M., Mueller, R., 
Nolan, T., Pfaffl, M.W., Shipley, G.L., Vandesompele, J., and Wittwer, C.T. (2009). 
The MIQE guidelines: minimum information for publication of quantitative real-time PCR 
experiments. Clinical chemistry 55, 611-622.  
Canevari, M., Vargas Ron N., and Orloff Steve B. (2007). Weed management in alfalfa. In 
C.G. Summers and D.H. Putnam, eds., Irrigated alfalfa managemenrt for mediterranean 
and desert zones. Oakland, University of California.  
79  
 
Cardon, G., Höhmann, S., Klein, J., Nettesheim, K., Saedler, H., and Huijser, P. (1999). 
Molecular characterisation of the Arabidopsis SBP-box genes. Gene 237, 91-104.  
Cerutti, L., Mian, N., and Bateman, A. (2000). Domains in gene silencing and cell 
differentiation proteins: the novel PAZ domain and redefinition of the Piwi domain. Trends 
in Biochemical Sciences 25, 481-482.  
Chaves, M.M., Flexas, J., and Pinheiro, C. (2009). Photosynthesis under drought and salt 
stress: regulation mechanisms from whole plant to cell. Annals of Botany 103, 551-560.  
Cheeke, P.R. (1996). Biological effects of feed and forage saponins and their impacts on animal 
production. Saponins Used in Food and Agriculture 405, 377-385.  
Chen, J., Han, G., Shang, C., Li, J., Zhang, H., Liu, F., Wang, J., Liu, H., and Zhang, Y. 
(2015). Proteomic analyses reveal differences in cold acclimation mechanisms in freezing-
tolerant and freezing-sensitive cultivars of alfalfa. Frontiers in Plant Science 6, 1-14.  
Chen, J.H., Jiang, H.W., Hsieh, E.J., Chen, H.Y., Chien, C.T., Hsieh, H.L., and Lin, T.P. 
(2012). Drought and salt stress tolerance of an Arabidopsis glutathione Stransferase U17 
knockout mutant are attributed to the combined effect of glutathione and abscisic acid. 
Plant Physiology 158, 340-351.  
Cheng, Z., Targolli, J., Huang, X., and Wu, R. (2002). Wheat LEA genes, PMA80 and 
PMA1959, enhance dehydration tolerance of transgenic rice (Oryza sativa L.). Molecular 
Breeding 10, 71-82.  
Chiou, T.J., Aung, K., Lin, S.I., Wu, C.C., Chiang, S.F., and Su, C.L. (2006). Regulation of 
phosphate homeostasis by MicroRNA in Arabidopsis. Plant Cell 18, 412-421.  
Christensen, J.H., Hewitson, B., Busuioc, A., Chen, A., Gao, X., Held, I., Jones, R., Kolli, 
R.K., Kwon, W.-T., Laprise, R., Magan˜a Rueda, V., Mearns, L., Mene´ndez, C.G., 
Ra¨isa¨nen, J., Rinke, A., Sarr, A., and Whetton, P. (2007). The physical science basis. 
Contributions of working group I to the fourth assessment report of the intergovernmental 
panel on climate change. Cambridge university press, Cambridge, United Kingdom/New 
York, NY.  
Close, T.J., and Lammers, P.J. (1993). An osmotic stress protein of cyanobacteria is 
immunologically related to plant dehydrins. Plant Physiology 101, 773-779.  
Cole, D.J. (1985). Mode of action of glyphosate-A literature analysis: Grossbard, E. and 
Atkinson, D., Eds., The Herbicide Glyphosate, Butterworths, London, 48-74.  
Condon, A.G., Richards, R.A., Rebetzke, G.J., and Farquhar, G.D. (2004). Breeding for 
high water-use efficiency. Journal of Experimental Botany 55, 2447-2460.  
Cook, E.R., Seager, R., Cane, M.A., and Stahle, D.W. (2007). North American drought: 
Reconstructions, causes, and consequences. Earth-Science Reviews 81, 93-134.  
80  
 
Covarrubias, A.A., and Reyes, J.L. (2010). Post-transcriptional gene regulation of salinity 
and drought responses by plant microRNAs. Plant, Cell & Environment 33, 481-489.  
Cox, J., and Mann, M. (2008). MaxQuant enables high peptide identification rates, 
individualized p.p.b.-range mass accuracies and proteome-wide protein quantification. 
Nature Biotechnology 26, 1367-1372.  
Cox, J., Hein, M.Y., Luber, C.A., Paron, I., Nagaraj, N., and Mann, M. (2014). Accurate 
proteome-wide label-free quantification by delayed normalization and maximal peptide 
ratio extraction, termed MaxLFQ. Molecular & Cellular Proteomics 13, 2513-2526.  
Cui, L.G., Shan, J.X., Shi, M., Gao, J.P., and Lin, H.X. (2014). The miR156-SPL9-DFR 
pathway coordinates the relationship between development and abiotic stress tolerance in 
plants. Plant Journal 80, 1108-1117.  
Dure, L., III. (1993). The lea proteins of higher plants. In Control of Plant Gene Expression. 
325-335.  
Echevarría-Zomeño, S., Ariza, D., Jorge, I., Lenz, C., Del Campo, A., Jorrín, J.V., and 
Navarro, R.M. (2009). Changes in the protein profile of Quercus ilex leaves in response 
to drought stress and recovery. Journal of Plant Physiology 166, 233245.  
Fait, A., Yellin, A., and Fromm, H. (2005). GABA shunt deficiencies and accumulation of 
reactive oxygen intermediates: insight from Arabidopsis mutants. FEBS Letters 579, 415-
420.  
Fan, J., McConkey, B., Wang, H., and Janzen, H. (2016). Root distribution by depth for 
temperate agricultural crops. Field Crops Research 189, 68-74.  
Farooq, M., Basra, S.M.A., Wahid, A., Cheema, Z.A., Cheema, M.A., and Khaliq, A. 
(2008). Physiological role of exogenously applied glycine betaine to improve drought 
tolerance in fine grain aromatic Rice (Oryza sativa L.). Journal of Agronomy and Crop 
Science 194, 325-333.  
Ferdous, J., Hussain, S.S., and Shi, B.J. (2015). Role of microRNAs in plant drought 
tolerance. Plant Biotechnology Journal 13, 293-305.  
Ford, K.L., Cassin, A., and Bacic, A. (2011). Quantitative proteomic analysis of wheat 
cultivars with differing drought stress tolerance. Frontiers in Plant Science 2, 44.  
Fotovat, R., Alikhani, M., Valizadeh, M., Mirzaei, M., and Salekdeh, G.H. (2017). A 
proteomics approach to discover drought tolerance proteins in wheat pollen grain at the 
meiosis stage. Protein Peptide Letters 24, 26-36.  
Frank, W., Munnik, T., Kerkmann, K., Salamini, F., and Bartels, D. (2000). Water deficit 
triggers phospholipase D activity in the resurrection plant Craterostigma plantagineum. 
The Plant Cell 12, 111-124.  
81  
 
Fu, C., Sunkar, R., Zhou, C., Shen, H., Zhang, J.-Y., Matts, J., Wolf, J., Mann, D.G.J., 
Stewart, C.N., Tang, Y., and Wang, Z.-Y. (2012). Overexpression of miR156 in 
switchgrass (Panicum virgatum L.) results in various morphological alterations and leads 
to improved biomass production. Plant Biotechnology Journal 10, 443-452.  
Fujii, H., Chiou, T.-J., Lin, S.-I., Aung, K., and Zhu, J.-K. (2005). A miRNA involved in 
phosphate-starvation response in Arabidopsis. Current Biology 15, 2038-2043.  
Gabriel, J.L., Garrido, A., and Quemada, M. (2013). Cover crops effect on farm benefits and 
nitrate leaching: Linking economic and environmental analysis. Agricultural Systems 121, 
23-32.  
Galili, S., Guenoune, D., Wininger, S., Hana, B., Schupper, A., Ben-Dor, B., and Kapulnik, 
Y. (2000). Enhanced levels of free and protein-bound threonine in transgenic alfalfa 
(Medicago sativa L.) expressing a bacterial feedback-insensitive aspartate kinase gene. 
Transgenic Research 9, 137-144.  
Gallego-Giraldo, L., Bhattarai, K., Pislariu, C.I., Nakashima, J., Jikumaru, Y.,  
Kamiya, Y., Udvardi, M.K., Monteros, M.J., and Dixon, R.A. (2014). Lignin modification 
leads to increased nodule numbers in alfalfa. Plant Physiology 164, 1139-1150.  
Gallego-Giraldo, L., Jikumaru, Y., Kamiya, Y., Tang, Y., and Dixon, R.A. (2011). Selective 
lignin downregulation leads to constitutive defense response expression in alfalfa 
(Medicago sativa L.). The New Phytologist 190, 627-639.  
Gao, J.-J., Shen, X.-F., Zhang, Z., Peng, R.-H., Xiong, A.-S., Xu, J., Zhu, B., Zheng, J.-L., 
and Yao, Q.-H. (2011). The myb transcription factor MdMYB6 suppresses anthocyanin 
biosynthesis in transgenic Arabidopsis. Journal of Plant Biotechnology 106, 235-242.  
Gao, R., Austin, R.S., Amyot, L., and Hannoufa, A. (2016). Comparative transcriptome 
investigation of global gene expression changes caused by miR156 overexpression in 
Medicago sativa. BMC Genomics 17, 658-673.  
Gao, R., Gruber, M.Y., Amyot, L., and Hannoufa, A. (2018). SPL13 regulates shoot 
branching and flowering time in Medicago sativa. Plant Molecular Biology 96, 119-133.  
Ghosheh, H.Z., Bsoul, E.Y., and Abdullah, A.Y. (2005). Utilization of alfalfa (Medicago 
sativa L.) as a smother crop in field corn (Zea mays L.). Journal of Sustainable Agriculture 
25, 5-17.  
Good, A.G., and Zaplachinski, S.T. (1994). The effects of drought stress on free amino acid 
accumulation and protein synthesis in Brassica napus. Physiologia Plantarum 90, 9-14.  
Guo, A.-Y., Zhu, Q.-H., Gu, X., Ge, S., Yang, J., and Luo, J. (2008). Genome-wide 
identification and evolutionary analysis of the plant-specific SBP-box transcription factor 
family. Gene 418, 1-8.  
82  
 
Guo, D., Chen, F., Inoue, K., Blount, J.W., and Dixon, R.A. (2001). Downregulation of 
caffeic acid 3-methyltransferase and caffeoyl CoA 3-methyltransferase in transgenic 
alfalfa: Impacts on lignin structure and implications for the biosynthesis of G and S lignin. 
The Plant Cell 13, 73-88.  
Gupta, A.S., Heinen, J.L., Holaday, A.S., Burke, J.J., and Allen, R.D. (1993). Increased 
resistance to oxidative stress in transgenic plants that overexpress chloroplastic Cu/Zn 
superoxide dismutase. Proceedings of the National Academy of Sciences 90, 1629-1633.  
Gustin, M.C., Albertyn, J., Alexander, M., and Davenport, K. (1998). MAP Kinase 
Pathways in the Yeast Saccharomyces cerevisiae. Microbiology and Molecular Biology 
Reviews 62, 1264-1300.  
Gygi, S.P., Rochon, Y., Franza, B.R., and Aebersold, R. (1999). Correlation between protein 
and mRNA abundance in yeast. Molecular and Cellular Biology 19, 17201730.  
Hajheidari, M., Eivazi, A., Buchanan, B.B., Wong, J.H., Majidi, I., and Salekdeh, G.H. 
(2007). Proteomics uncovers a role for redox in drought tolerance in wheat.  
Journal of Proteome Research 6, 1451-1460.  
Hartl, F.U. (1996). Molecular chaperones in cellular protein folding. Nature 381, 571.  
Heazlewood, J.L. (2011). The green proteome: Challenges in plant proteomics. Frontiers in 
Plant Science 2, 1-3.  
Hernández, M., Río, A., Esteve, T., Prat, S., and Pla, M. (2001). A rapeseed-specific gene, 
acetyl-CoA carboxylase, can be used as a reference for qualitative and realtime quantitative 
PCR detection of transgenes from mixed food samples. Journal of Agricultural and Food 
Chemistry 49, 3622-3627.  
Huang da, W., Sherman, B.T., and Lempicki, R.A. (2009). Systematic and integrative 
analysis of large gene lists using DAVID bioinformatics resources. Nature Protocols 4, 44-
57.  
Huang, X.-S., Liu, J.-H., and Chen, X.-J. (2010). Overexpression of PtrABF gene, a bZIP 
transcription factor isolated from Poncirus trifoliata, enhances dehydration and drought 
tolerance in tobacco via scavenging ROS and modulating expression of stress-responsive 
genes. BMC Plant Biology 10, 230.  
Ichimura, K., Mizoguchi, T., Yoshida, R., Yuasa, T., and Shinozaki, K. (2000). Various 
abiotic stresses rapidly activate Arabidopsis MAP kinases ATMPK4 and ATMPK6. The 
Plant Journal 24, 655-665.  
Iuchi, S., Kobayashi, M., Taji, T., Naramoto, M., Seki, M., Kato, T., Tabata, S., Kakubari, 
Y., Yamaguchi-Shinozaki, K., and Shinozaki, K. (2001). Regulation of drought 
tolerance by gene manipulation of 9-cis-epoxycarotenoid dioxygenase, a key enzyme in 
abscisic acid biosynthesis in Arabidopsis. The Plant Journal 27, 325-333.  
83  
 
Jacob, P., Hirt, H., and Bendahmane, A. (2017). The heat‐shock protein/chaperone network 
and multiple stress resistance. Plant Biotechnology Journal 15, 405-414.  
Jacob, T., Ritchie, S., Assmann, S.M., and Gilroy, S. (1999). Abscisic acid signal 
transduction in guard cells is mediated by phospholipase D activity. Proceedings of the 
National Academy of Sciences 96, 12192-12197.  
Jafari, M., Rajabzadeh, A.R., Tabtabaei, S., Marsolais, F., and Legge, R.L. (2016). 
Physicochemical characterization of a navy bean (Phaseolus vulgaris) protein fraction 
produced using a solvent-free method. Food Chemistry 208, 35-41.  
Jaglo-Ottosen, K.R., Gilmour, S.J., Zarka, D.G., Schabenberger, O., and Thomashow, 
M.F. (1998). Arabidopsis CBF1 Overexpression Induces COR genes and enhances 
freezing tolerance. Science 280, 104-106.  
Jaleel, C.A., Manivannan, P., Lakshmanan, G.M., Gomathinayagam, M., and 
Panneerselvam, R. (2008). Alterations in morphological parameters and photosynthetic 
pigment responses of Catharanthus roseus under soil water deficits. Colloids and Surfaces 
B, Biointerfaces 61, 298-303.  
Jebara, S., Jebara, M., Limam, F., and Aouani, M.E. (2005). Changes in ascorbate 
peroxidase, catalase, guaiacol peroxidase and superoxide dismutase activities in common 
bean (Phaseolus vulgaris) nodules under salt stress. Journal of Plant Physiology 162, 929-
936.  
Jena, N.R. (2012). DNA damage by reactive species: Mechanisms, mutation and repair. Journal 
of Biosciences 37, 503-517.  
Jiang, S., Zhang, D., Wang, L., Pan, J., Liu, Y., Kong, X., Zhou, Y., and Li, D. (2013). A 
maize calcium-dependent protein kinase gene, ZmCPK4, positively regulated abscisic acid 
signaling and enhanced drought stress tolerance in transgenic Arabidopsis. Plant 
Physiology and Biochemistry 71, 112-120.  
Jonak, C., Kiegerl, S., Ligterink, W., Barker, P.J., Huskisson, N.S., and Hirt, H. (1996). 
Stress signaling in plants: a mitogen-activated protein kinase pathway is activated by cold 
and drought. Proceedings of the National Academy of Sciences 93, 11274-11279.  
Jones-Rhoades, M.W., and Bartel, D.P. (2004). Computational Identification of Plant 
microRNAs and their targets, including a stress-induced miRNA. Molecular Cell 14, 787-
799.  
Jongdee, B., Fukai, S., and Cooper, M. (2002). Leaf water potential and osmotic adjustment 
as physiological traits to improve drought tolerance in rice. Field Crops Research 76, 153-
163.  
Kanneganti, V., and Gupta, A.K. (2008). Overexpression of OsiSAP8, a member of stress 
associated protein (SAP) gene family of rice confers tolerance to salt, drought and cold 
stress in transgenic tobacco and rice. Plant Molecular Biology 66, 445-462.  
84  
 
Kasuga, M., Liu, Q., Miura, S., Yamaguchi-Shinozaki, K., and Shinozaki, K. (1999). 
Improving plant drought, salt, and freezing tolerance by gene transfer of a single stress-
inducible transcription factor. Nature Biotechnology 17, 287.  
Katagiri, T., Takahashi, S., and Shinozaki, K. (2001). Involvement of a novel Arabidopsis 
phospholipase D, AtPLDδ, in dehydration-inducible accumulation of phosphatidic acid in 
stress signaling. The Plant Journal 26, 595-605.  
Kawasaki, S., Borchert, C., Deyholos, M., Wang, H., Brazille, S., Kawai, K., Galbraith, D., 
and Bohnert, H.J. (2001). Gene expression profiles during the initial phase of salt stress 
in rice. The Plant Cell 13, 889-905.  
Kende, H., and Zeevaart, J. (1997). The five "classical" plant hormones. The Plant Cell 9, 
1197-1210.  
Kennethh F. Raffa, B.H.A., Barbara J. Bentz, Allan L. Carroll, Jeffrey A. Hicke, Monica 
G. Turner, and William H. Romme. (2008). Cross-scale drivers of natural disturbances 
prone to anthropogenic amplification: The dynamics of bark beetle eruptions. Bioscience 
58, 501-517.  
Khraiwesh, B., Zhu, J.-K., and Zhu, J. (2012). Role of miRNAs and siRNAs in biotic and 
abiotic stress responses of plants. Biochimica et Biophysica Acta-Gene Regulatory 
Mechanisms 1819, 137-148.  
Kiegerl, S., Cardinale, F., Siligan, C., Gross, A., Baudouin, E., Liwosz, A., Eklöf, S., Till, 
S., Bögre, L., Hirt, H., and Meskiene, I. (2000). SIMKK, a mitogen-activated protein 
kinase (MAPK) kinase, is a specific activator of the salt stress–induced MAPK, SIMK. 
The Plant Cell 12, 2247-2258.  
Kinnersley, A.M., and Turano, F.J. (2000). Gamma aminobutyric acid (GABA) and plant 
responses to stress. Critical Reviews in Plant Sciences 19, 479-509.  
Kishor, P., Hong, Z., Miao, G.H., Hu, C., and Verma, D. (1995). Overexpression of delta-
pyrroline-5-carboxylate synthetase increases proline production and confers 
osmotolerance in transgenic plants. Plant Physiology 108, 1387-1394.  
Klein, J., Saedler, H., and Huijser, P. (1996). A new family of DNA binding proteins includes 
putative transcriptional regulators of the Antirrhinum majus floral meristem identity gene 
SQUAMOSA. Molecular & General Genetics 250, 7-16.  
Klein, M., Geisler, M., Suh, S.J., Kolukisaoglu, H.Ü., Azevedo, L., Plaza, S., Curtis, M.D., 
Richter, A., Weder, B., Schulz, B., and Martinoia, E. (2004). Disruption of AtMRP4, a 
guard cell plasma membrane ABCC-type ABC transporter, leads to deregulation of 
stomatal opening and increased drought susceptibility. The Plant Journal 39, 219-236.  
Klein, M., Perfus-Barbeoch, L., Frelet, A., Gaedeke, N., Reinhardt, D., MuellerRoeber, 
B., Martinoia, E., and Forestier, C. (2003). The plant multidrug resistance ABC 
85  
 
transporter AtMRP5 is involved in guard cell hormonal signaling and water use. The Plant 
Journal 33, 119-129.  
Koch, K.E. (1996). Carbohydrate-modulated gene expression in plants. Annual Review of 
Plant Physiology and Plant Molecular Biology 47, 509-540.  
Komatsu, S., Mock, H.-P., Yang, P., and Svensson, B. (2013). Application of proteomics for 
improving crop protection/artificial regulation. Frontiers in Plant Science 4, 522.  
Kong, D., Li, M., Dong, Z., Ji, H., and Li, X. (2015). Identification of TaWD40D, a wheat 
WD40 repeat-containing protein that is associated with plant tolerance to abiotic stresses. 
Plant Cell Reports 34, 395-410.  
Koornneef, M., Léon-Kloosterziel, K.M., Schwartz, S.H., and Zeevaart, J.A.D. (1998). The 
genetic and molecular dissection of abscisic acid biosynthesis and signal transduction in 
Arabidopsis. Plant Physiology and Biochemistry 36, 83-89.  
Krapp, A., Quick, W.P., and Stitt, M. (1991). Ribulose-1,5-bisphosphate 
carboxylaseoxygenase, other Calvin-cycle enzymes, and chlorophyll decrease when 
glucose is supplied to mature spinach leaves via the transpiration stream. Planta 186, 58-
69.  
Krishnamurthy, A., and Rathinasabapathi, B. (2013). Oxidative stress tolerance in plants: 
Novel interplay between auxin and reactive oxygen species signaling. Plant Signaling and 
Behavior 8, 61.  
Kusenda, B., Mraz, M., Mayer, J., and Pospisilova, S. (2006). MicroRNA biogenesis, 
functionality and cancer relevance. Biomedical papers of the Medical Faculty of the 
University Palacky, Olomouc, Czechoslovakia 150, 205-215.  
Kushiro, T., Okamoto, M., Nakabayashi, K., Yamagishi, K., Kitamura, S., Asami, T., 
Hirai, N., Koshiba, T., Kamiya, Y., and Nambara, E. (2004). The Arabidopsis 
cytochrome P450 CYP707A encodes ABA 8'-hydroxylases: key enzymes in ABA 
catabolism. The EMBO Journal 23, 1647-1656.  
Laubinger, S., Sachsenberg, T., Zeller, G., Busch, W., Lohmann, J.U., Rätsch, G., and 
Weigel, D. (2008). Dual roles of the nuclear cap-binding complex and SERRATE in pre-
mRNA splicing and microRNA processing in Arabidopsis thaliana. Proceedings of the 
National Academy of Sciences of the United States of America 105, 8795-8800.  
Lebaudy, A., Vavasseur, A., Hosy, E., Dreyer, I., Leonhardt, N., Thibaud, J.-B., Véry, A.-
A., Simonneau, T., and Sentenac, H. (2008). Plant adaptation to fluctuating environment 
and biomass production are strongly dependent on guard cell potassium channels. 
Proceedings of the National Academy of Sciences of the United States of America 105, 
5271-5276.  
86  
 
Lee, K.H., Piao, H.L., Kim, H.Y., Choi, S.M., Jiang, F., Hartung, W., Hwang, I., Kwak, 
J.M., Lee, I.J., and Hwang, I. (2006). Activation of glucosidase via stressinduced 
polymerization rapidly increases active pools of abscisic acid. Cell 126, 1109-1120.  
Lee, R., Feinbaum, R., and Ambros, V. (2004). A short history of a short RNA. Cell 116, 89-
92.  
Lee, R.C., Feinbaum, R.L., and Ambros, V. (1993). The C. elegans heterochronic gene lin-4 
encodes small RNAs with antisense complementarity to lin-14. Cell 75, 843854.  
Lee, Y., Ahn, C., Han, J., Choi, H., Kim, J., Yim, J., Lee, J., Provost, P., Rådmark, O., 
Kim, S., and Kim, V.N. (2003). The nuclear RNase III Drosha initiates microRNA 
processing. Nature 425, 415. 
Lee, Y., Jeon, K., Lee, J.-T., Kim, S., and Kim, V. (2002). MicroRNA maturation:  
stepwise processing and subcellular localization. The EMBO Journal 21, 46634670.  
Leon, D.I., Sally C, G., and Galau, G.A. (1981). Developmental biochemistry of cottonseed 
embryogenesis and germination: Changing messenger ribonucleic acid populations as 
shown by in vitro and in vivo protein synthesis. Biochemistry 20, 4162-4168.  
Li, W., Wei, Z., Qiao, Z., Wu, Z., Cheng, L., and Wang, Y. (2013). Proteomics analysis of 
alfalfa response to heat stress. PloS One 8, 1-11.  
Li, W.X., Oono, Y., Zhu, J., He, X.J., Wu, J.M., Iida, K., Lu, X.Y., Cui, X., Jin, H., and 
Zhu, J.K. (2008). The Arabidopsis NFYA5 transcription factor is regulated 
transcriptionally and post transcriptionally to promote drought resistance. Plant Cell 20, 
2238-2251.  
Li, Y.-J., Hai, R.-L., Du, X.-H., Jiang, X.-N., and Lu, H. (2009). Overexpression of a Populus 
peroxisomal ascorbate peroxidase (PpAPX) gene in tobacco plants enhances stress 
tolerance. Plant Breeding 128, 404-410.  
Linda, C.S. (1999). Environmental significance of anthocyanins in plant stress responses.  
Photochemistry and Photobiology 70, 1-9.  
Liotenberg, S., North, H., and Marion-Poll, A. (1999). Molecular biology and regulation of 
abscisic acid biosynthesis in plants. Plant Physiology and Biochemistry 37, 341350.  
Liu, C.-Z., Yan, L., Wei, L.-X., Zhang, F., and Qian, X.-J. (2008). Effects of cutting on the 
population dynamics of main insect pests on alfalfa. Ying Yong Sheng Tai Xue Bao 19, 
691-694.  
Liu, Y., Zhang, S., and Klessig, D.F. (2000). Molecular cloning and characterization of a 
tobacco MAP kinase kinase that interacts with SIPK. Molecular Plant-Microbe Interactions 
13, 118-124.  
87  
 
Liya, W., Danfeng, Z., Fang, X., and Zuxin, Z. (2009). Differentially expressed miRNAs 
potentially involved in the regulation of defense mechanism to drought stress in maize 
seedlings. International Journal of Plant Sciences 170, 979-989.  
Llave, C., Kasschau, K.D., Rector, M.A., and Carrington, J.C. (2002). Endogenous and 
silencing-associated small RNAs in plants. The Plant Cell 14, 1605-1619.  
Lu, S., Sun, Y.-H., and Chiang, V.L. (2009). Adenylation of plant miRNAs. Nucleic Acids 
Research 37, 1878-1885.  
Lu, W., Chu, X., Li, Y., Wang, C., and Guo, X. (2013). Cotton GhMKK1 induces the tolerance 
of salt and drought stress, and mediates defence responses to pathogen infection in 
transgenic Nicotiana benthamiana. PloS One 8, 1-14.  
Lu, W., Tang, X., Huo, Y., Xu, R., Qi, S., Huang, J., Zheng, C., and Wu, C.-A. (2012). 
Identification and characterization of fructose 1,6-bisphosphate aldolase genes in  
Arabidopsis reveal a gene family with diverse responses to abiotic stresses. Gene 503, 65-74.  
Lu, X.Y., and Huang, X.L. (2008). Plant miRNAs and abiotic stress responses. Biochemical 
and biophysical research communications 368, 458-462.  
Lucas, B.R., Ricardo, F.O., and Luiz, R.A. (2016). Leaf turgor pressure in maize plants under 
water stress Australian Journal of Crop Science 10, 878-886.  
Lundberg, E., Fagerberg, L., Klevebring, D., Matic, I., Geiger, T., Cox, J., Algenas, C., 
Lundeberg, J., Mann, M., and Uhlen, M. (2010). Defining the transcriptome and 
proteome in three functionally different human cell lines. Molecular systems biology 6, 1-
9.  
Maarouf, H.E., Zuily-Fodil, Y., Gareil, M., d'Arcy-Lameta, A., and Thu Pham-Thi, A. 
(1999). Enzymatic activity and gene expression under water stress of phospholipase D in 
two cultivars of Vigna unguiculata L.Walp. differing in drought tolerance. Plant Molecular 
Biology 39, 1257-1265.  
Maier, T., Güell, M., and Serrano, L. (2009). Correlation of mRNA and protein in complex 
biological samples. FEBS Letters 583, 3966-3973.  
Martinoia, E., Klein, M., Geisler, M., Bovet, L., Forestier, C., Kolukisaoglu, Ü., Müller-
Röber, B., and Schulz, B. (2002). Multifunctionality of plant ABC transporters–more than 
just detoxifiers. Planta 214, 345-355.  
Marx, H., Minogue, C.E., Jayaraman, D., Richards, A.L., Kwiecien, N.W., Siahpirani, 
A.F., Rajasekar, S., Maeda, J., Garcia, K., Del Valle-Echevarria, A.R., Volkening, 
J.D., Westphall, M.S., Roy, S., Sussman, M.R., Ane, J.M., and Coon, J.J. (2016). A 
proteomic atlas of the legume Medicago truncatula and its nitrogen-fixing endosymbiont 
Sinorhizobium meliloti. Nature Biotechnology 34, 1198-1205.  
88  
 
Massacci, A., Nabiev, S.M., Pietrosanti, L., Nematov, S.K., Chernikova, T.N., Thor, K., 
and Leipner, J. (2008). Response of the photosynthetic apparatus of cotton (Gossypium 
hirsutum) to the onset of drought stress under field conditions studied by gas-exchange 
analysis and chlorophyll fluorescence imaging. Plant Physiology and Biochemistry 46, 
189-195.  
Matin, M.A., Brown, J.H., and Ferguson, H. (1989). Leaf water potential, relative water 
content, and diffusive resistance as screening techniques for drought resistance in barley. 
Agronomy Journal 81, 100-105.  
Matthews, C., Arshad, M., and Hannoufa, A. (2018). Alfalfa response to heat stress is 
modulated by microRNA156. Physiologia Plantarum. [DOI: 10.1111/ppl.12787]  
McKersie, B.D., Bowley, S.R., Harjanto, E., and Leprince, O. (1996). Water-deficit 
tolerance and field performance of transgenic alfalfa overexpressing superoxide dismutase. 
Plant Physiology 111, 1177-1181.  
McKersie, B.D., Murnaghan, J., Jones, K.S., and Bowley, S.R. (2000). Iron-superoxide 
dismutase expression in transgenic alfalfa increases winter survival without a detectable 
increase in photosynthetic oxidative stress tolerance. Plant Physiology 122, 1427-1438.  
Mehrabi, Z., and Ramankutty, N. (2017). The cost of heat waves and droughts for global crop 
production. bioRxiv. [DOI:10.1101/188151]  
Mekonnen, D.W., Flugge, U.I., and Ludewig, F. (2016). Gamma-aminobutyric acid depletion 
affects stomata closure and drought tolerance of Arabidopsis thaliana. Plant Science 245, 
25-34.  
Mendis, M.H., Power, J.B., and Davey, M.R. (1991). Somatic hybrids of the forage legumes 
Medicago sativa L. and M. falcata L. Journal of Experimental Botany 42, 1565-1574.  
Meyer, K., Leube, M.P., and Grill, E. (1994). A protein phosphatase 2C involved in ABA 
signal transduction in Arabidopsis thaliana. Science 264, 1452-1455.  
Millar, A.A., and Waterhouse, P.M. (2005). Plant and animal microRNAs: similarities and 
differences. Functional & Integrative Genomics 5, 129-135.  
Miller, G., Suzuki, N., Ciftci-Yilmaz, S., and Mittler, R. (2010 ). Reactive oxygen species 
homeostasis and signalling during drought and salinity stresses. Plant, Cell & Environment 
33, 453-467.  
Mishra, A.K., Puranik, S., Bahadur, R.P., and Prasad, M. (2012). The DNA-binding activity 
of an AP2 protein is involved in transcriptional regulation of a stressresponsive gene, 
SiWD40, in foxtail millet. Genomics 100, 252-263.  
Mittler, R. (2002). Oxidative stress, antioxidants and stress tolerance. Trends in Plant Science 
7, 405-410.  
89  
 
Moran, J.F., Becana, M., Iturbe-Ormaetxe, I., Frechilla, S., Klucas, R.V., and Aparicio-
Tejo, P. (1994). Drought induces oxidative stress in pea plants. Planta 194, 346-352.  
Mukherji, S., Ebert, M.S., Zheng, G.X., Tsang, J.S., Sharp, P.A., and van Oudenaarden, 
A. (2011). MicroRNAs can generate thresholds in target gene expression. Nature Genetics 
43, 854-859.  
Neill, S.J., Burnett, E.C., Desikan, R., and Hancock, J.T. (1998). Cloning of a wiltresponsive 
cDNA from an Arabidopsis thaliana suspension culture cDNA library that encodes a 
putative 9-cis-epoxy-carotenoid dioxygenase. Journal of Experimental Botany 49, 1893-
1894.  
Nelson, D.E., Repetti, P.P., Adams, T.R., Creelman, R.A., Wu, J., Warner, D.C., Anstrom, 
D.C., Bensen, R.J., Castiglioni, P.P., Donnarummo, M.G., Hinchey, B.S., Kumimoto, 
R.W., Maszle, D.R., Canales, R.D., Krolikowski, K.A., Dotson, S.B., Gutterson, N., 
Ratcliffe, O.J., and Heard, J.E. (2007). Plant nuclear factor Y (NF-Y) B subunits confer 
drought tolerance and lead to improved corn yields on water-limited acres. Proceedings of 
the National Academy of Sciences of the United States of America 104, 16450-16455.  
Nevens, F., and Reheul, D. (2001). Crop rotation versus monoculture; yield, N yield and ear 
fraction of silage maize at different levels of mineral N fertilization. NJAS - Wageningen 
Journal of Life Sciences 49, 405-425.  
Nomura, H., Komori, T., Kobori, M., Nakahira, Y., and Shiina, T. (2008). Evidence for 
chloroplast control of external Ca2+ induced cytosolic C2+ transients and stomatal closure. 
The Plant Journal 53, 988-998.  
Oh, M.-M., Trick, H.N., and Rajashekar, C.B. (2009). Secondary metabolism and 
antioxidants are involved in environmental adaptation and stress tolerance in lettuce. 
Journal of Plant Physiology 166, 180-191.  
Osakabe, Y., Maruyama, K., Seki, M., Satou, M., Shinozaki, K., and 
YamaguchiShinozaki, K. (2005). Leucine-Rich Repeat Receptor-like kinase1 is a key 
membrane-bound regulator of abscisic acid early signaling in Arabidopsis. The Plant Cell 
17, 1105.  
Oztur, Z.N., Talame, V., Deyholos, M., Michalowski, C.B., Galbraith, D.W., Gozukirmizi, 
N., Tuberosa, R., and Bohnert, H.J. (2002). Monitoring largescale changes in transcript 
abundance in drought-and salt-stressed barley. Plant Molecular Biology 48, 551-573.  
Oztur, Z.N., Talame, V., Deyholos, M., Michalowski, C.B., Galbraith, D.W., Gozukirmizi, 
N., Tuberosa, R., and Bohnert, H.J. (2002). Monitoring largescale changes in transcript 
abundance in drought-and salt-stressed barley. Plant Molecular Biology 48, 551-573.  
Pandey, P., Irulappan, V., Bagavathiannan, M.V., and Senthil-Kumar, M. (2017). Impact 
of combined abiotic and biotic stresses on plant growth and avenues for  
90  
 
crop improvement by exploiting physio-morphological traits. Frontiers in Plant Science 8, 537-
537.  
Park, M.Y., Wu, G., Gonzalez-Sulser, A., Vaucheret, H., and Poethig, R.S. (2005). Nuclear 
processing and export of microRNAs in Arabidopsis. Proceedings of the National 
Academy of Sciences of the United States of America 102, 3691-3696.  
Parker, J.S., Roe, S.M., and Barford, D. (2004). Crystal structure of a PIWI protein suggests 
mechanisms for siRNA recognition and slicer activity. The EMBO Journal 23, 4727-4737.  
Peleg, Z., and Blumwald, E. (2011). Hormone balance and abiotic stress tolerance in crop 
plants. Current Opinion in Plant Biology 14, 290-295.  
Peng, Z., Wang, M., Li, F., Lv, H., Li, C., and Xia, G. (2009). A proteomic study of the 
response to salinity and drought stress in an introgression strain of bread wheat. Molecular 
& Cellular Proteomics 8, 2676-2686.  
Phillips, J.R., Dalmay, T., and Bartels, D. (2007). The role of small RNAs in abiotic stress. 
FEBS Letters 581, 3592-3597.  
Pigeolet, E., Corbisier, P., Houbion, A., Lambert, D., Michiels, C., Raes, M., Zachary, M.-
D., and Remacle, J. (1990). Glutathione peroxidase, superoxide dismutase, and catalase 
inactivation by peroxides and oxygen derived free radicals. Mechanisms of Ageing and 
Development 51, 283-297.  
Ponnala, L., Wang, Y., Sun, Q., and Wijk, K.J. (2014). Correlation of mRNA and protein 
abundance in the developing maize leaf. The Plant Journal 78, 424-440.  
Putnam, D.R., M., Orloff, S., Kuhn, J., Fitzhugh, L., Godfrey, L., Kiess, A. and Long, R. 
(2001). Alfalfa, wildlife and the environment: The importance and benefit of alfalfa in the 
21st century. California Alfalfa and Forage Association, Novato, CA 36.  
Qin, X., and Zeevaart, J.A.D. (1999). The 9-epoxycarotenoid cleavage reaction is the key 
regulatory step of abscisic acid biosynthesis in water-stressed bean. Proceedings of the 
National Academy of Sciences 96, 15354-15361.  
Radonić, A., Thulke, S., Mackay, I.M., Landt, O., Siegert, W., and Nitsche, A. (2004). 
Guideline to reference gene selection for quantitative real-time PCR. Biochemical and 
biophysical research communications 313, 856-862.  
Rahman, M.A., Yong-Goo, K., Iftekhar, A., Liu, G.-s., Hyoshin, L., Joo, L.J., and Byung-
Hyun, L. (2016). Proteome analysis of alfalfa roots in response to water deficit stress. 
Journal of Integrative Agriculture 15, 1275-1285.  
Reddy, M.S., Chen, F., Shadle, G., Jackson, L., Aljoe, H., and Dixon, R.A. (2005). Targeted 
down-regulation of cytochrome P450 enzymes for forage quality improvement in alfalfa 
(Medicago sativa L.). Proceedings of the National Academy of Sciences of the United 
States of America 102, 16573-16578. 
91  
 
Reinhart, B.J., Weinstein, E.G., Rhoades, M.W., Bartel, B., and Bartel, D.P. (2002).  
MicroRNAs in plants. Genes & Development 16, 1616-1626.  
Ren, G., and Yu, B. (2012). Critical roles of RNA-binding proteins in miRNA biogenesis in 
Arabidopsis . RNA Biology 9, 1424-1428.  
Reyes, J.L., and Chua, N.H. (2007). ABA induction of miR159 controls transcript levels of 
two MYB factors during Arabidopsis seed germination. The Plant Journal 49, 592-606.  
Rhoades, M.W., Reinhart, B.J., Lim, L.P., Burge, C.B., Bartel, B., and Bartel, D.P. (2002). 
Prediction of plant microRNA targets. Cell 110, 513-520.  
Riechmann, J.L., Heard, J., Martin, G., Reuber, L., Jiang , C.-Z., Keddie, J., Adam, L., 
Pineda, O., Ratcliffe, O.J., Samaha, R.R., Creelman, R., Pilgrim, M., Broun, P., 
Zhang, J.Z., Ghandehari, D., Sherman, B.K., and L. Yu, G. (2000). Arabidopsis 
Transcription Factors: Genome-Wide Comparative Analysis Among Eukaryotes. Science 
290, 2105-2110.  
Ried, J.L., and Walker-Simmons, M.K. (1993). Group 3 late embryogenesis abundant 
proteins in desiccation-tolerant seedlings of wheat (Triticum aestivum L.). Plant 
Physiology 102, 125-131.  
Riese, M., Höhmann, S., Saedler, H., Münster, T., and Huijser, P. (2007). Comparative 
analysis of the SBP-box gene families in P. patens and seed plants. Gene 401, 2837.  
Robert, N., Merlot, S., N'Guyen, V., Boisson-Dernier, A., and Schroeder, J.I. (2006). A 
hypermorphic mutation in the protein phosphatase 2C HAB1 strongly affects ABA 
signaling in Arabidopsis. FEBS Letters 580, 4691-4696.  
Ryu, M.Y., Cho, S.K., and Kim, W.T. (2010). The Arabidopsis C3H2C3-Type RING E3 
ubiquitin ligase AtAIRP1 is a positive regulator of an abscisic acid-dependent response to 
drought stress. Plant Physiology 154, 1983.  
Sadiq, I., Fanucchi, F., Paparelli, E., Alpi, E., Bachi, A., Alpi, A., and Perata, P. (2011). 
Proteomic identification of differentially expressed proteins in the anoxic rice coleoptile. 
Journal of Plant Physiology 168, 2234-2243.  
Saito, S., Hirai, N., Matsumoto, C., Ohigashi, H., Ohta, D., Sakata, K., and Mizutani,  
M. (2004). Arabidopsis CYP707A encode abscisic acid 8′-hydroxylase, a key enzyme in the 
oxidative catabolism of abscisic acid. Plant Physiology 134, 14391449.  
Samad, A.F.A., Sajad, M., Nazaruddin, N., Fauzi, I.A., Murad, A.M.A., Zainal, Z., and 
Ismail, I. (2017). MicroRNA and transcription factor: Key players in plant regulatory 
network. Frontiers in Plant Science 8, 565.  
92  
 
Schlüter, H., Apweiler, R., Holzhütter, H.-G., and Jungblut, P.R. (2009). Finding one's way 
in proteomics: a protein species nomenclature. Chemistry Central Journal 3, 11-11.  
Schutz-Geschwender, A., Zhang, Y., Holt, T., McDermitt, D., and Olive, D.M. (2004). 
Quantitative, two-color western blot detection with infrared fluorescence. LI-COR 
Biosciences, 1-7.  
Schwarz, S., Grande, A.V., Bujdoso, N., Saedler, H., and Huijser, P. (2008). The microRNA 
regulated SBP-box genes SPL9 and SPL15 control shoot maturation in Arabidopsis. Plant 
Molecular Biology 67, 183-195.  
Serraj, R., Shelp, B.J., and Sinclair, T.R. (1998). Accumulation of γ-aminobutyric acid in 
nodulated soybean in response to drought stress. Physiologia Plantarum 102, 7986. 
Shai, U., Gad G. (2008). Improving the Content of Essential Amino Acids in Crop Plants: Goals 
and Opportunities. Plant Physiology 147, 954-961. 
Sheen, J. (1998). Mutational analysis of protein phosphatase 2C involved in abscisic acid signal 
transduction in higher plants. Proceedings of the National Academy of Sciences 95, 975-
980.  
Shinozaki, K., Yamaguchi-Shinozaki, K., and Seki, M. (2003). Regulatory network of gene 
expression in the drought and cold stress responses. Current Opinion in Plant Biology 6, 
410-417.  
Sieciechowicz, K.A., and Ireland, R.J. (1989). Proteolysis and the diurnal decrease of 
asparaginase activity. Physiologia Plantrum 76, 551-556.  
Silvente, S., Sobolev, A.P., and Lara, M. (2012). Metabolite adjustments in drought tolerant 
and sensitive soybean genotypes in response to water stress. PloS One 7, 1-11.  
Sivamani, E., Bahieldin, A., Wraith, J.M., Al-Niemi, T., Dyer, W.E., Ho, T.-H.D., and Qu, 
R. (2000). Improved biomass productivity and water use efficiency under water deficit 
conditions in transgenic wheat constitutively expressing the barley HVA1 gene. Plant 
Science 155, 1-9.  
Small, E. (2011). Alfalfa and relatives: evolution and classification of Medicago. NRC 
Research Press/CAB International, Ottawa, Canada.  
Solomon, S., Qin, D., Manning, M., Chen, Z., Marquis, M., Averyt, K., M.B. Tignor, M., 
and Henry LeRoy Miller, J. (2007). IPCC 2007: Climate change: The physical science 
basis. In: Contribution of working group I to the fourth assessment. Report of the 
intergovernmental panel on climate change (Cambridge, United Kingdom/New York, NY, 
USA.: Cambridge University Press), pp. 996.  
Song, J.B., Gao, S., Sun, D., Li, H., Shu, X.X., and Yang, Z.M. (2013). miR394 and LCR are 
involved in Arabidopsis salt and drought stress responses in an abscisic acid dependent 
manner. BMC Plant Biology 13, 210.  
93  
 
Stacy, R.A., and Aalen, R.B. (1998). Identification of sequence homology between the internal 
hydrophilic repeated motifs of group 1 late-embryogenesis-abundant proteins in plants and 
hydrophilic repeats of the general stress protein GsiB of Bacillus subtilis. Planta 206, 476-
478.  
Stark, G. (2005). Functional consequences of oxidative membrane damage. The Journal of 
Membrane Biology 205, 1-16.  
Statista. (2012). Major global crop losses due to drought in 2012, by region. 
https://www.statista.com/statistics/260693/global-key-crop-losses-due-todrought/. 
Statistics Canada. (2018). Table: 32-10-0416-01 - Hay and field crops, every 5 years.  
https://www150.statcan.gc.ca/t1/tbl1/en/tv.action?pid=3210041601&pickMember 
s%5B0%5D=1.1&pickMembers%5B1%5D=2.22.  
Steponkus, P.L., Uemura, M., Joseph, R.A., Gilmour, S.J., and Thomashow, M.F. (1998). 
Mode of action of the COR15a gene on the freezing tolerance of Arabidopsis thaliana. 
Proceedings of the National Academy of Sciences 95, 1457014575.  
Strizhov, N., Keller, M., Mathur, J., Koncz-Kalman, Z., Bosch, D., Prudovsky, E., Schell, 
J., Sneh, B., Koncz, C., and Zilberstein, A. (1996). A synthetic cryIC gene, encoding a 
Bacillus thuringiensis delta-endotoxin, confers spodoptera resistance in alfalfa and 
tobacco. Proceedings of the National Academy of Sciences of the United States of America 
93, 15012-15017.  
Sun, W., Bernard, C., Van De Cotte, B., Van Montagu, M., and Verbruggen, N. (2001). 
At-HSP17.6A, encoding a small heat-shock protein in Arabidopsis, can enhance 
osmotolerance upon overexpression. The Plant Journal 27, 407-415.  
Sunkar, R., and Zhu, J.-K. (2004). Novel and stress-regulated microRNAs and other small 
RNAs from Arabidopsis. The Plant Cell 16, 2001-2019.  
Sunkar, R., Girke, T., Jain, P.K., and Zhu, J.-K. (2005). Cloning and characterization of 
MicroRNAs from rice. The Plant Cell 17, 1397-1411.  
Sunkar, R., Kapoor, A., and Zhu, J.K. (2006). Posttranscriptional induction of two Cu/Zn 
superoxide dismutase genes in Arabidopsis is mediated by downregulation of miR398 and 
important for oxidative stress tolerance. Plant Cell 18, 2051-2065.  
Sunkar, R., Li, Y.-F., and Jagadeeswaran, G. (2012). Functions of microRNAs in plant stress 
responses. Trends in Plant Science 17, 196-203.  
Tan, B.C., Schwartz, S.H., Zeevaart, J.A.D., and McCarty, D.R. (1997). Genetic control of 
abscisic acid biosynthesis in maize. Proceedings of the National Academy of Sciences 94, 
12235-12240.  
94  
 
Tang, H., Krishnakumar, V., Bidwell, S., Rosen, B., Chan, A., Zhou, S., Gentzbittel, L., 
Childs, K.L., Yandell, M., Gundlach, H., Mayer, K.F., Schwartz, D.C., and Town, 
C.D. (2014). An improved genome release (version Mt4.0) for the model legume Medicago 
truncatula. BMC Genomics 15, 312.  
Tanweer, K., Ai-Ke , B., Zhulatai, B., Fei , W., and Li, G. (2018). The progress of genetic 
improvement in alfalfa (Medicago sativa L.). Czech Journal of Genetics and Plant 
Breeding 54, 41-51.  
Tesfaye, M., Temple, S.J., Allan, D.L., Vance, C.P., and Samac, D.A. (2001). 
Overexpression of malate dehydrogenase in transgenic alfalfa enhances organic acid 
synthesis and confers tolerance to aluminum. Plant Physiology 127, 18361844.  
Treisman, R. (1996). Regulation of transcription by MAP kinase cascades. Current Opinion in 
Cell Biology 8, 205-215. 
Trindade, I., Capitao, C., Dalmay, T., Fevereiro, M.P., and Santos, D.M. (2010).  
miR398 and miR408 are up-regulated in response to water deficit in Medicago truncatula. 
Planta 231, 705-716.  
Tunnacliffe, A., Lapinski, J., and McGee, B. (2005). A putative lea protein, but no trehalose, 
is present in anhydrobiotic bdelloid rotifers. Hydrobiologia 546, 315321.  
Turner, N.C. (1988). Measurement of plant water status by the pressure chamber technique. 
Irrigation Science 9, 289-308.  
Tyanova, S., and Cox, J. (2018). Perseus: A bioinformatics platform for integrative analysis 
of proteomics data in cancer research. In Cancer Systems Biology: Methods and Protocols, 
L. Von Stechow, ed (New York, NY: Springer New York), pp. 133-148.  
Uno, Y., Furihata, T., Abe, H., Yoshida, R., Shinozaki, K., and Yamaguchi-Shinozaki, K. 
(2000). Arabidopsis basic leucine zipper transcription factors involved in an abscisic acid-
dependent signal transduction pathway under drought and highsalinity conditions. 
Proceedings of the National Academy of Sciences 97, 1163211637.  
USDA. (2016). Economic research service, undated. What is agriculture’s share of the overall 
US economy?  
USGCRP. (2014). Hatfield, J., G. Takle, R. Grotjahn, P. Holden, R. C. Izaurralde, T. 
Mader, E. Marshall, and D. Liverman, 2014: Ch. 6: Agri-culture. Climate change 
impacts in the United States: The third national climate assessment, J. M. Melillo, Terese 
(T.C.) Richmond, and G. W. Yohe, Eds., U.S. Global Change Research Program, 150-174.   
Vaucheret, H., Béclin, C., and Fagard, M. (2001). Post-transcriptional gene silencing in 
plants. Journal of Cell Science 114, 3083-3091.  
95  
 
Vaucheret, H., Vazquez, F., Crété, P., and Bartel, D.P. (2004). The action of 
ARGONAUTE1 in the miRNA pathway and its regulation by the miRNA pathway are 
crucial for plant development. Genes & Development 18, 1187-1197.  
Vazquez, F., Gasciolli, V., Crété, P., and Vaucheret, H. (2004). The nuclear dsRNA binding 
protein HYL1 Is required for MicroRNA accumulation and plant development, but not 
posttranscriptional transgene silencing. Current Biology 14, 346-351.  
Verhallen,  A.,  Hayes,  A.,  and  Taylor,  T.  (2001).  Cover 
 crops:  
alfalfa.http://www.omafra.gov.on.ca/english/crops/facts/cover_crops01/alfalfa.ht m.  
Vlahova, M., Stefanova, G., Petkov, P., Barbulova, A., Petkova, D., Kalushkov, P., and 
Atanassov, A. (2005). Genetic modification of alfalfa (Medicago sativa L.) for quality 
improvement and production of novel compounds. Biotechnology & Biotechnological 
Equipment 19, 56-62.  
Vogel, C., and Marcotte, E.M. (2012). Insights into the regulation of protein abundance from 
proteomic and transcriptomic analyses. Nature Reviews Genetics 13, 227.  
Volenec, J.J., Cunningham, S.M., Haagenson, D.M., Berg, W.K., Joern, B.C., and 
Wiersma, D.W. (2002). Physiological genetics of alfalfa improvement: past failures, 
future prospects. Field Crops Research 75, 97-110.  
Wahid, A., and Ghazanfar, A. (2006). Possible involvement of some secondary metabolites 
in salt tolerance of sugarcane. Journal of Plant Physiology 163, 723730.  
Wang, H., and Wang, H. (2015). The miR156/SPL module, a regulatory hub and versatile 
toolbox, gears up crops for enhanced agronomic traits. Molecular Plant 8, 677-688.  
Wang, J.W. (2014). Regulation of flowering time by the miR156-mediated age pathway. 
Journal of Experimental Botany 65, 4723-4730.  
Wang, W.-X., Vinocur, B., Shoseyov, O., and Altman, A. (2001). Biotechnology of plant 
osmotic stress tolerance: Physiological and molecular considerations. International Society 
for Horticultural Science 560, 285-292.  
Wang, Z., Li, H., Ke, Q., Jeong, J.C., Lee, H.S., Xu, B., Deng, X.P., Lim, Y.P., and Kwak, 
S.S. (2014). Transgenic alfalfa plants expressing AtNDPK2 exhibit increased growth and 
tolerance to abiotic stresses. Plant Physiology and Biochemistry 84, 67-77.  
Wightman, B., Ha, I., and Ruvkun, G. (1993). Posttranscriptional regulation of the 
heterochronic gene lin-14 by lin-4 mediates temporal pattern formation in C. elegans. Cell 
75, 855-862.  
Wu, G., and Poethig, R.S. (2006). Temporal regulation of shoot development in Arabidopsis 
thaliana by miR156 and its target SPL3. Development 133, 3539-3547.  
96  
 
Wu, G., Park, M.Y., Conway, S.R., Wang, J.W., Weigel, D., and Poethig, R.S. (2009). The 
sequential action of miR156 and miR172 regulates developmental timing in Arabidopsis. 
Cell 138, 750-759.  
Xie, K., Shen, J., Hou, X., Yao, J., Li, X., Xiao, J., and Xiong, L. (2012). Gradual increase 
of miR156 regulates temporal expression changes of numerous genes during leaf 
development in rice. Plant Physiology 158, 1382-1394.  
Xie, K., Wu, C., and Xiong, L. (2006). Genomic organization, differential expression, and 
interaction of SQUAMOSA promoter-binding-like transcription factors and 
microRNA156 in rice. Plant Physiology 142, 280-293.  
Xie, Z., Allen, E., Fahlgren, N., Calamar, A., Givan, S.A., and Carrington, J.C. (2005).  
Expression of Arabidopsis miRNA genes. Plant Physiology 138, 2145-2154.  
Xiong, J., Sun, Y., Yang, Q., Tian, H., Zhang, H., Liu, Y., and Chen, M. (2017). Proteomic 
analysis of early salt stress responsive proteins in alfalfa roots and shoots. Proteome 
Science 15, 1-19.  
Xiong, L., Ishitani, M., Lee, H., and Zhu, J.-K. (2001). The Arabidopsis LOS5/ABA3 locus 
encodes a molybdenum cofactor sulfurase and modulates cold Stress-and osmotic stress-
responsive gene expression. The Plant Cell 13, 2063-2083.  
Xu, D., Duan, X., Wang, B., Hong, B., Ho, T., and Wu, R. (1996). Expression of a late 
embryogenesis abundant protein gene, HVA1, from barley confers tolerance to water deficit 
and salt stress in transgenic rice. Plant Physiology 110, 249-257.  
Yan, Q., Cui, X., Lin, S., Gan, S., Xing, H., and Dou, D. (2016). GmCYP82A3, a Soybean 
cytochrome P450 family gene involved in the jasmonic acid and ethylene signaling 
pathway, enhances plant resistance to biotic and abiotic stresses. PloS One 11, 118.  
Yancey, P.H. (2001). Water Stress, osmolytes and proteins. American Zoologist 41, 699709.  
Yang, L., Liu, Z., Lu, F., Dong, A., and Huang, H. (2006). SERRATE is a novel nuclear 
regulator in primary microRNA processing in Arabidopsis. The Plant Journal 47, 841-850.  
Yang, S., Gao, M., Xu, C., Gao, J., Deshpande, S., Lin, S., Roe, B.A., and Zhu, H. (2008). 
Alfalfa benefits from Medicago truncatula: The RCT1 gene from M. truncatula confers 
broad-spectrum resistance to anthracnose in alfalfa. Proceedings of the National Academy 
of Sciences of the United States of America 105, 1216412169.  
Yazaki, K. (2006). ABC transporters involved in the transport of plant secondary metabolites. 
FEBS Letters 580, 1183-1191.  
Yoshiba, Y., Kiyosue, T., Nakashima, K., Yamaguchi-Shinozaki, K., and Shinozaki, K. 
(1997). Regulation of levels of proline as an osmolyte in plants under water stress. Plant 
and Cell Physiology 38, 1095-1102.  
97  
 
Yu, B., Bi, L., Zheng, B., Ji, L., Chevalier, D., Agarwal, M., Ramachandran, V., Li, W., 
Lagrange, T., Walker, J.C., and Chen, X. (2008). The FHA domain proteins DAWDLE 
in Arabidopsis and SNIP1 in humans act in small RNA biogenesis. Proceedings of the 
National Academy of Sciences of the United States of America 105, 10073-10078.  
Yu, B., Yang, Z., Li, J., Minakhina, S., Yang, M., Padgett, R.W., Steward, R., and Chen, 
X. (2005). Methylation as a crucial step in plant microRNA biogenesis. Science 307, 932-
935.  
Zadražnik, T., Hollung, K., Egge-Jacobsen, W., Meglič, V., and Šuštar-Vozlič, J. (2013). 
Differential proteomic analysis of drought stress response in leaves of common bean 
(Phaseolus vulgaris L.). Journal of Proteomics 78, 254-272.  
Zhang, C., and Shi, S. (2018). Physiological and proteomic responses of contrasting alfalfa 
(Medicago sativa L.) varieties to PEG-induced osmotic stress. Frontiers in Plant Science 
9, 1-21  
Zhang, X., Wang, L., Meng, H., Wen, H., Fan, Y., and Zhao, J. (2011a). Maize ABP9 
enhances tolerance to multiple stresses in transgenic Arabidopsis by modulating ABA 
signaling and cellular levels of reactive oxygen species. Plant Molecular Biology 75, 365-
378.  
Zhang, X., Zou, Z., Gong, P., Zhang, J., Ziaf, K., Li, H., Xiao, F., and Ye, Z. (2011). Over-
expression of microRNA169 confers enhanced drought tolerance to tomato. Biotechnology 
Letters 33, 403-409.  
Zhao, B., Liang, R., Ge, L., Li, W., Xiao, H., Lin, H., Ruan, K., and Jin, Y. (2007). 
Identification of drought-induced microRNAs in rice. Biochemical and Biophysical 
Research Communications 354, 585-590.  
Zhao, X., Xu, M., Wei, R., and Liu, Y. (2015). Expression of OsCAS (Calcium-Sensing 
Receptor) in an Arabidopsis mutant increases drought tolerance. PloS One 10, 113  
Zhou, M., and Luo, H. (2013). MicroRNA-mediated gene regulation: potential applications 
for plant genetic engineering. Plant Molecular Biology 83, 59-75.  
Zhu, J.K. (2001). Plant salt tolerance. Trends in Plant Science 6, 66-71.  
Zhu, J.K. (2002). Salt and drought stress signal transduction in plants. Annual Review of Plant 
Biology 53, 247-27. 
  
98  
 
Appendices  
Appendix A: Upregulated proteins in A8T relative to EVT   
Protein ID  Description  Fold change  
Q2HW07  Photosystem I reaction center subunit XI  78.6  
A0A072U5K2  60S ribosomal protein L18-3  64.2  
A0A072UBH0  Linker histone H1 and h5 family protein  37.9  
G7L3K1  DEAD-box ATP-dependent RNA helicase-like 
protein  
26.5  
I3S988  High mobility group (HMG)-box protein  23.6  
G7J4K7  TPR domain protein  22.3  
G7J8Y2  Pre-mRNA-splicing factor SF2-like protein  19.5  
G7J8M7  Glutamate decarboxylase  18.5  
A0A072V5G1  Multidrug resistance protein ABC transporter 
family protein  
17  
G7ILY5  1-O-acylglucose:anthocyanin acyltransferase  16.8  
G7ICA2  Glutamine-tRNA ligase  16.3  
G7I9C1  Pyruvate kinase  16.1  
A0A072TIW2  Eukaryotic aspartyl protease family protein  15.1  
Q1RSH4  GroEL-like chaperone, ATPase  13.9  
A0A072URD4  RAB GTPase-like protein A2D  12.5  
G7IAR3  RNA-binding (RRM/RBD/RNP motif) family 
protein  
12.4  
A0A072TT91  Chitinase (Class Ib) / Hevein  11.1  
A0A072VQ29  Spore coat A-like protein  10.9  
G7I2E2  Polyadenylate-binding protein  10.7  
A0A072TS91  Carnitine/acylcarnitine carrier-like protein  10.6  
G7KH66  Protein disulfide isomerase-like protein  10.3  
E2FKJ5  Sieve element occlusion b  10.2  
G7I748  Protein disulfide-isomerase LQY1  10.2  
A0A072UAU5  TPR protein  10.1  
G7K2Q8  Threonyl-tRNA synthetase/threonine-tRNA 
ligase, putative  
10  
A0A072VIE6  NEDD8 ultimate buster-like protein  9.8  
A0A072VAJ3  Subtilisin-like serine protease  9.7  
Q4KU02  Purple acid phosphatase  9.4  
G7JRM8  DUF3411 domain protein  9.2  
G7LA71  Adipocyte plasma membrane-associated-like 
protein  
9.1  
I3SK49  Plant basic secretory protein (BSP) family protein  9  
A0A072TVR8  Riboflavin synthase alpha chain  8.7  
99  
 
G7K7P5  RNA recognition motif  8.6  
G7ZZ90  Monothiol glutaredoxin-S17 protein  8.6  
G7KIQ1  60S ribosomal protein L31B  8.6  
A0A072U5C5  Calcium homeostasis regulator CHoR1, putative  8.4  
G7L0I8  Cobalamin-independent methionine synthase  8.4  
B7FIZ2  NADH-ubiquinone oxidoreductase 39 kDa 
subunit  
8.3  
 
A0A072TLT0  Transmembrane 9 superfamily member  8.3  
G7JCN3  Aspartate aminotransferase  8.1  
G7J6D1  WEAK movement UNDER BLUE LIGHT-like 
protein  
8  
G7IR69  Ubiquitinyl hydrolase 1  8  
A2Q465  DEAD-box ATP-dependent RNA helicase-like 
protein  
7.8  
A0A072U4H1  Heat shock protein-binding protein  7.8  
D6Q1T5  Geranylgeranyl pyrophosphate synthase  7.7  
G7LGX8  Syntaxin of plants protein  7.6  
Q2HUL4  Short-chain dehydrogenase/reductase  7.5  
A0A072VW19  40S ribosomal protein S23-1  7.4  
A0A072TMU3  Mitogen-activated protein kinase  7.3  
G7JPM2  Uro-adherence factor A, putative  7.3  
A0A072UK93  Uncharacterized protein  7  
G7LFG2  Anticodon-binding domain protein  7  
G7IEZ6  Chalcone-flavonone isomerase family protein  6.9  
G7IHD6  Oxygen-evolving enhancer protein  6.9  
A0A072ULQ2  Annexin  6.8  
A0A072VM46  Translationally-controlled tumor-like protein  6.5  
A0A072VCC0  4-coumarate:CoA ligase-like protein  6.4  
G7L7S7  Pathogenesis-related protein bet V I family protein  6.4  
G7KVR2  Polygalacturonase inhibitor protein  6.3  
Q7XJ35  Histone H1  6.3  
G7J870  Glucosamine-6-phosphate isomerase/6-
phosphogluconolactonase  
6.3  
G7KVQ1  Translation machinery-associated protein 22  6.2  
G7IAV4  ALG2-interacting protein X  6.2  
A0A072U6I0  SPFH/band 7/PHB domain membrane-associated 
family protein SPFH/band 7/PHB domain 
membrane-associated family protein  
6.2  
A0A072U5F0  Translational activator GCN1-like protein  6.1  
A0A072TT85  UDP-glucose:glucosyltransferase, putative  6.1  
I3T9M3  Ribosomal protein L15 Ribosomal protein L15  6.1  
B7FKZ0  ATP-dependent Clp protease proteolytic subunit  6.1  
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G7LDR5  3-hydroxyacyl-CoA dehyrogenase  6.1  
A0A072UEY8  Alpha/beta-hydrolase superfamily protein  6.1  
I3S7Y0  Dihydrodipicolinate reductase  6  
A0A072UL06  Dolichyl-diphosphooligosaccharide--protein 
glycosyltransferase 48 kDa subunit  
6  
A0A072VPH5  50S ribosomal protein L21  6  
A0A072UPA7  Copper ion-binding protein, putative  5.9  
G7JWR8  UDP-glucose 6-dehydrogenase  5.8  
G7JXI6  26S proteasome non-ATPase regulatory subunit-
like protein  
5.8  
G7JCT6  Zinc-binding protein  5.7  
G7JZX6  Uncharacterized protein  5.6  
A0A072W136  Pre-mRNA-processing 40A-like protein  5.6  
 
G7LDE8  Pigment defective 320 protein, putative  5.6  
B7FNC0  Glycolipid transfer protein (GLTP) family protein  5.6  
G7IEC9  RAN GTPase activating protein  5.5  
G7IFY7  NADH-ubiquinone oxidoreductase 10.5 kDa 
subunit  
5.4  
G7KEJ6  ER membrane protein complex subunit-like 
protein  
5.4  
G7KAL1  Long-chain fatty acyl CoA ligase  5.4  
A2Q4U5  Tubulin binding cofactor C  5.3  
G7K710  Serine/threonine-protein phosphatase  5.3  
G7J9M2  RNA recognition motif  5.3  
G7K822  Peroxidase  5.3  
G7JA07  Phosphoinositide phospholipase C  5.3  
A0A072TM35  Uncharacterized protein  5.2  
Q2HVS3  60S ribosomal L34-like protein  5.2  
G7ID32  Gibberellin receptor GID1, putative  5.2  
G7JF22  Disease resistance protein (TIR-NBS-LRR class)  5.2  
G7LAK8  Ubiquitin fusion degradation 1 protein  5.2  
G7I4W6  S-adenosylmethionine-dependent 
methyltransferase, putative  
5.2  
A0A072US78  Valacyclovir hydrolase, putative  5.2  
B7FMZ0  Putative uncharacterized protein  5.2  
G7J9I7  Threonyl-tRNA synthetase/threonine-tRNA 
ligase, putative  
5.1  
G7IQD5  Acyl-CoA thioesterase  5.1  
G7JFK4  Eukaryotic translation initiation factor iso4G  5.1  
G7IF78  Multidrug resistance protein ABC transporter 
family protein  
5.1  
G7LHF7  TCP-1/cpn60 chaperonin family protein  5  
G7IG88  Poly(RC)-binding-like protein  5  
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G7KQ66  Evolutionarily carboxy-terminal region protein  5  
A0A072VW87  UDP-glucuronic acid decarboxylase  5  
G8A2F8  Peptide methionine sulfoxide reductase family 
protein  
5  
A0A072U2V3  Enoyl-(Acyl carrier) reductase  5  
G7KRK6  Biotin carboxyl carrier acetyl-CoA carboxylase  5  
A0A072TWA8  Lipid transfer protein  5  
G7KPT9  Aldose 1-epimerase  5  
G7I3D5  OPT family oligopeptide transporter  4.9  
A0A072W1U6  Serine/threonine protein phosphatase 2A 
regulatory subunit A  
4.9  
A0A072VDP3  Smr (Small MutS-related) domain protein  4.9  
G8A030  1-aminocyclopropane-1-carboxylate oxidase-like 
protein Nonheme dioxygenase in morphine 
synthesis amino-terminal protein  
4.9  
I3SQR5  Transmembrane protein, putative  4.9  
A0A072V185  2-oxoisovalerate dehydrogenase E1 component, 
alpha subunit  
4.9  
G7J4V1  FKBP12-interacting protein of 37 kDa-like 
protein, putative  
4.9  
A0A072TX14  Pectinesterase  4.8  
A0A072TRZ8  Plant/T23E23-13 protein, putative  4.8  
 
G7JV72  Chaperone DnaJ-domain protein  4.8  
A0A072V9Y5  Plastid developmental protein DAG  4.8  
B7FMM7  Plastid-specific 30S ribosomal protein, putative  4.8  
G7JV55  p8MTCP1  4.8  
G7I9F7  Importin subunit alpha  4.7  
G7KW94  Activator of 90 kDa heat shock ATPase-like 
protein  
4.7  
A0A072U849  Valyl-tRNA synthetase/valine-tRNA ligase  4.7  
A0A072V2B0  Beta-adaptin-like protein  4.7  
G7ZZ83  Clathrin light chain  4.7  
A0A072VPD0  Arsenical pump-driving ATPase-like protein  4.7  
G7IAZ2  2-isopropylmalate synthase  4.6  
Q56H33  4-hydroxyphenylpyruvate dioxygenase  4.6  
G7J465  GrpE protein homolog  4.6  
G7IY63  Phosphoribulokinase/uridine kinase  4.6  
G7KW90  V-type proton ATPase subunit C  4.6  
A0A072UG56  Actin-related protein ARP4  4.6  
G7K140  Malate dehydrogenase  4.5  
G7IQ90  Animal HSPA9 nucleotide-binding domain 
protein  
4.5  
A0A072UAQ5  OSBP(Oxysterol-binding protein)-related protein 
4C  
4.5  
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G7IPZ3  Obg family GTPase CgtA  4.5  
G7JAB4  ABC transporter F family protein  4.5  
B7FMC0  Putative uncharacterized protein  4.5  
G7K8P7  Trigger factor-like protein  4.4  
B7FIH8  Putative uncharacterized protein  4.4  
G7JYP8  Regulator of nonsense transcripts protein  4.4  
G7INT7  SpoIIE-like protein phosphatase domain protein  4.4  
G7K8A1  Thylakoid lumenal 15.0 kDa protein  4.4  
A0A072VXV5  Alpha-galactosidase  4.4  
A0A072UKU4  Plant/T7A14-6 protein  4.4  
G7KXF8  Ras GTPase-activating binding-like protein  4.4  
G7JNX7  Enoyl-CoA hydratase/isomerase family protein  4.3  
G7IVH5  Pectinesterase  4.3  
G7L4Y9  Modifier of rudimentary (Mod(R)) protein  4.3  
G7LEU2  U1 small nuclear ribonucleoprotein 70 kDa 
protein, putative  
4.3  
A0A072VMP0  Histone deacetylation protein Rxt3  4.3  
A0A072U2K5  Protein disulfide isomerase (PDI)-like protein  4.3  
A0A072U8Q5  Proteasome subunit alpha type  4.3  
A0A072UUG0  DCD (Development and cell death) domain 
protein  
4.3  
G7JQL0  Glucan endo-1,3-beta-glucosidase  4.2  
A0A072UHF1  Dirigent protein Germin family 3 protein  4.2  
G7LBZ5  Plant invertase/pectin methylesterase inhibitor  4.2  
 
G7I549  26S proteasome non-ATPase regulatory subunit-
like protein  
4.2  
A0A072V2G7  Uncharacterized protein  4.2  
A0A072U547  Transferring glycosyl group transferase  4.2  
A0A072UNM3  UTP-glucose-1-phosphate uridylyltransferase  4.2  
G7L3A6  Iron-sulfur cluster biosynthesis family protein  4.2  
B7FN77  50S ribosomal protein L22  4.2  
A2Q327  RALF  4.2  
I3SJT1  Embryo-specific protein  4.2  
G8A394  Acetyl-CoA carboxylase  4.1  
G7K3B1  Glutathione S-transferase, amino-terminal domain 
protein  
4.1  
G7K2W1  TCP-1/cpn60 chaperonin family protein  4.1  
G8A207  Carboxy-terminal region remorin  4.1  
A0A072UIU2  Heat shock cognate 70 kDa-like protein  4.1  
B0FBK5  Acetolactate synthase  4.1  
A0A072TVG7  RAD23 UV excision repair family protein  4.1  
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A0A072TTN3  RAB GTPase-like protein A1D  4.1  
G7KY73  Acetyltransferase NSI-like protein  4.1  
G7IAE2  Rhicadhesin receptor  4.1  
A0A072UUI9  2-C-methyl-D-erythritol 4-phosphate 
cytidylyltransferase  
4.1  
G7IRG5  DnaJ-class molecular chaperone  4.1  
G7I7N4  Chorismate mutase  4.1  
G7KIE5  Ran-binding protein 2, Ran-binding domain 
protein  
4.1  
A0A072TVC3  50S ribosomal protein L29  4.1  
G7JI50  Phospholipase D  4.1  
A0A072TED7  Glucose-6-phosphate 1-dehydrogenase 
(Fragment)  
4.1  
G7IS63  Costars family protein abracl protein  4.1  
G7L5Y6  Transcriptional activator  4.1  
A0A072USH2  Cysteine sulfinate desulfinase enzyme, putative  4  
A0A072VPQ7  GYF domain protein  4  
A0A072VET9  60S ribosomal protein L38A  4  
A0A072VP64  Transmembrane protein, putative  4  
G7L8Y9  LRR extensin-like protein  4  
A0A072V0B0  Selenium-binding-like protein  4  
G7JQL4  Glucan endo-1,3-beta-glucosidase  4  
G7IF33  DnaJ/Hsp40 cysteine-rich domain protein  4  
G7JBR3  Copper ion-binding protein, putative  4  
G7JJU9  Alpha-mannosidase  4  
G7L7F1  6-phosphogluconate dehydrogenase NAD-binding 
domain protein  
4  
I3SIU5  Chorismate mutase  4  
G7L1W1  Aldo/keto reductase family oxidoreductase  4  
G7JLV1  Elongation factor 1-alpha  4  
 
A0A072TZC5  Enoyl-acyl-carrier reductase  4  
A0A072VAB2  LEM3 (Ligand-effect modulator 3) family protein  4  
G7LH57  Serine hydroxymethyltransferase  3.9  
G7K466  LRR ribonuclease inhibitor domain protein  3.9  
A0A072VAK5  Formiminotransferase-cyclodeaminase-like 
protein  
3.9  
G7J2Q1  Suppressor OF protein silencing protein  3.9  
A0A072U0P3  ENTH/VHS/GAT family protein  3.9  
G7L811  16S rRNA processing protein RimM  3.9  
B7FMX8  Lipid transfer protein  3.9  
A0A072TTU0  Auxilin-like protein  3.9  
104  
 
G7KZG9  Inosine-5'-monophosphate dehydrogenase  3.9  
G7JVE7  NADPH--cytochrome P450 reductase  3.9  
G7ZYQ6  Eukaryotic translation initiation factor 1A-like 
protein  
3.9  
B7FN10  Photosystem I subunit O  3.9  
G7JEX7  Trigger factor-like protein, putative  3.9  
A0A072U3N9  Cytochrome P450 family 709 protein  3.9  
B7FGH6  Peptidyl-prolyl cis-trans isomerase  3.9  
G7J2W0  26S proteasome non-ATPase regulatory subunit-
like protein  
3.9  
G7LEC3  Actin-binding calponin-like (CH) domain protein  3.9  
G7KNB7  Pantothenate kinase  3.8  
A0A072U379  Leucine-rich receptor-like kinase family protein  3.8  
A0A072TNY7  AT hook motif DNA-binding family protein  3.8  
G7ID29  Chitinase  3.8  
G7JHS5  Elongation factor EF-Tu-like protein  3.8  
G7K0X2  Mitotic checkpoint protein BUB3  3.8  
A0A072VPG7  XS domain protein  3.8  
A0A072TTW2  Calmodulin-domain kinase CDPK protein  3.8  
G7K558  Insulinase (Peptidase family M16)  3.8  
A0A072VS66  p-loop nucleoside triphosphate hydrolase 
superfamily protein  
3.8  
G7KTL6  1-acyl-sn-glycerol-3-phosphate acyltransferase-
like protein  
3.8  
G7KNL2  Chitinase  3.8  
G7KYH2  Transducin/WD-like repeat-protein  3.8  
A0A072V368  Phosphatase 2C family protein  3.8  
G7I2L5  Peptidoglycan-binding domain protein  3.8  
A0A072TW78  26S proteasome regulatory complex component  3.7  
G7IUP2  Auxin-induced protein  3.7  
G7KUZ6  Glycosyltransferase  3.7  
I3S6I7  V-type proton ATPase subunit G  3.7  
A0A072U7V2  Glucose-6-phosphate 1-dehydrogenase  3.7  
G7J389  Chromophore lyase CpcT/CpeT  3.7  
A0A072TWP5  ABC transporter B family protein  3.7  
 
S4T0X2  Cytochrome b559 subunit beta  3.7  
A0A072VIA1  Coenzyme F420-reducing hydrogenase, beta 
subunit  
3.7  
A2Q2Z0  Putative uncharacterized protein  3.7  
G7KVA1  Eukaryotic translation initiation factor 5  3.7  
A0A072VJD5  S-formylglutathione hydrolase  3.7  
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G7KG03  Phenylalanyl-tRNA synthetase beta chain  3.7  
G7KR18  DSBA oxidoreductase family protein  3.7  
B7FKU8  50S ribosomal protein L19-2  3.7  
A0A072VDH7  TPX2 (Targeting protein for Xklp2) family 
protein  
3.7  
A0A072V208  Pleckstrin-like (PH) and lipid-binding START 
domain protein  
3.7  
A0A072UTN3  RNA-binding (RRM/RBD/RNP motif) family 
protein  
3.7  
A0A072UJH2  Oxidoreductase family, NAD-binding rossmann 
fold protein  
3.7  
A0A072VQ61  Uncharacterized protein  3.7  
Q1SMZ8  Peptidylprolyl isomerase  3.7  
A0A072TW18  F0F1-type ATP synthase, beta subunit  3.6  
A0A072VGT5  Vacuolar-sorting receptor  3.6  
A0A072VC41  NAD(P)H-hydrate epimerase  3.6  
G7JVC5  NADH-cytochrome b5 reductase  3.6  
A0A072U4J6  Tonoplast intrinsic protein  3.6  
A0A072UDF2  Flavin-containing monooxygenase  3.6  
G7IF89  Heat shock factor-binding protein  3.6  
G7J622  Enhanced disease susceptibility protein  3.6  
G7I7L8  ER membrane protein complex subunit-like 
protein  
3.6  
A0A072U4F2  TPR superfamily protein  3.6  
A0A072TQ67  Malate dehydrogenase  3.6  
A0A072TQT8  Chlorophyll(Ide) B reductase, putative  3.6  
G7K595  Proteasome subunit alpha type  3.6  
G7J6Q8  Ubiquitin family protein  3.6  
A0A072VKP7  ATPase, AAA-type, CDC48 protein  3.6  
G7KSH7  Acyl-CoA thioesterase, putative  3.5  
G7L8T1  Acetolactate synthase, small subunit  3.5  
A0A072V4K2  Prolyl oligopeptidase-like protein  3.5  
G7KBE2  Phosphoribosylaminoimidazole-
succinocarboxamide synthase  
3.5  
G7JHN2  Ubiquitin carboxyl-terminal hydrolase  3.5  
G7J5I9  Proteasome subunit beta type  3.5  
A0A072TYI8  Acetylornithine aminotransferase  3.5  
B5BLW2  Carotenoid cleavage dioxygenase  3.5  
A0A072U4G3  Phenylalanine ammonia-lyase  3.5  
A0A072TWU9  Glutamyl-tRNA synthetase  3.5  
G7JT26  Extracellular calcium sensing receptor  3.5  
G7L532  60S acidic ribosomal protein  3.5  
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G7I8P7  26S proteasome regulatory particle triple-A 
ATPase protein  
3.5  
A0A072W2Q0  Uncharacterized protein  3.5  
G7I2Y3  Glutathione S-transferase, amino-terminal domain 
protein  
3.5  
A0A072TU10  CDGSH iron-sulfur domain protein  3.5  
A0A072UZ08  Fructose-6-phosphate-2-kinase/fructose-2, 6-
bisphosphatase  
3.5  
G7JUZ2  Acyl-coenzyme A oxidase  3.5  
A0A072VNX4  Acyl-CoA-binding domain protein  3.5  
G7JFF5  Calcium-dependent lipid-binding (CaLB domain) 
family protein  
3.5  
A0A072TGD1  Mediator of RNA polymerase II transcription 
subunit 6   
3.5  
G7JQ42  Monothiol glutaredoxin-S16 protein  3.5  
G7IQ41  C2 and GRAM domain plant-like protein  3.5  
G7KKM5  Nucleotide-diphospho-sugar transferase 
superfamily protein  
3.4  
G7JB60  26S proteasome regulatory particle non-ATPase 
subunit 8  
3.4  
A0A072UCB1  Translocon-associated protein beta family-like 
protein  
3.4  
A0A072VL22  Glutathione S-transferase  3.4  
G7LE33  40S ribosomal protein S12  3.4  
G7K999  THUMP domain protein  3.4  
Q9FQ10  Sucrose-6F-phosphate phosphohydrolase  3.4  
A0A072U6U8  Plant-specific import receptor subunit TOM20  3.4  
A0A072VIH3  3-ketoacyl-CoA thiolase 2, peroxisomal-like 
protein  
3.4  
A0A072TQR0  RNA-binding (RRM/RBD/RNP motif) family 
protein  
3.4  
G7J6T4  Spermine/spermidine synthase  3.4  
G7IBZ5  ABA/WDS induced protein  3.4  
A0A072VAP9  Glucan endo-1,3-beta-glucosidase-like protein  3.4  
G7ITE2  Gamma-glutamylhydrolase  3.4  
G7IA37  Pyrophosphate--fructose  6-phosphate 
 1-phosphotransferase subunit alpha  
3.4  
A0A072U0J4  DUF674 family protein  3.4  
G7I8J4  Syntaxin of plants 122 protein  3.4  
G7L9M1  Damaged DNA-binding protein 1A  3.4  
G7JHH4  Beta-glucosidase  3.4  
A0A072VNL8  Chitinase / Hevein / PR-4 / Wheatwin2  3.4  
G7JEH1  Plastocyanin-like domain protein  3.4  
G7JSP8  Methionine-tRNA ligase, putative  3.4  
G7JKJ6  Dirigent protein  3.4  
A0A072VQL5  Cytochrome b5-like heme/steroid-binding domain 
protein  
3.4  
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G7I684  ER membrane protein complex subunit-like 
protein  
3.4  
A0A072V1Z7  Plastid transcriptionally active protein  3.4  
A0A072UZB4  3,4-dihydroxy-2-butanone 4-phosphate synthase  3.4  
G7I6N5  60S ribosomal L4-like protein  3.3  
G7L9N5  RPM1-interacting protein 4 (RIN4) family protein  3.3  
G7L6H8  Glutathione S-transferase, amino-terminal domain 
protein  
3.3  
 
G7JPM7  Transmembrane protein, putative  3.3  
G7LB30  RNA recognition motif  3.3  
G7L7C1  Dynamin 4C-like protein  3.3  
A0A072URI0  Cytochrome P450 family protein  3.3  
G7JUJ9  3-ketoacyl-CoA thiolase 2, peroxisomal-like 
protein  
3.3  
A0A072TY66  Plastid lipid-associated protein  3.3  
G7KRK9  RNA-binding LUC7-like protein  3.3  
Q2MGQ5  RNA polymerase, dimerisation  3.3  
G7JIW4  Asparagine-tRNA ligase  3.3  
G7IML1  Tubulin beta chain  3.3  
G7KPS4  Glutathione S-transferase  3.3  
A0A072VLV1  Plant/MNJ8-150 protein  3.3  
A0A072V758  Acyl-CoA dehydrogenase family protein  3.3  
G7I3B2  Chorismate synthase  3.3  
A0A072TVP2  Eukaryotic aspartyl protease family protein  3.3  
G7LAJ5  40S ribosomal protein S15-4  3.3  
A0A072UFN5  Putative GRP family  3.3  
A0A072UYZ4  Protein-L-isoaspartate O-methyltransferase  3.3  
G7IHV2  PfkB family carbohydrate kinase  3.3  
A0A072V826  Serine/Threonine kinase receptor-associated-like 
protein  
3.3  
G7LJ94  ATP-dependent 6-phosphofructokinase  3.3  
A0A072UTP9  Papain family cysteine protease  3.3  
G7J8H2  Peptidyl-prolyl cis-trans isomerase  3.3  
I3SYK2  Gamma carbonic anhydrase-like protein  3.3  
A0A072VM57  SART-1 family protein  3.3  
A0A072U5I3  Mitogen-activated protein kinase  3.3  
Q2HUA9  Embryo-specific 3  3.3  
A0A072V4D8  NADPH-dependent quinone oxidoreductase  3.3  
G7I294  Uncharacterized protein  3.2  
G7I9Z6  Calcium-dependent lipid-binding (CaLB domain) 
family protein  
3.2  
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G7L3I8  Potassium efflux antiporter (Fragment)  3.2  
A0A072U593  Gamma carbonic anhydrase-like protein  3.2  
I3SCE9  Uncharacterized protein  3.2  
A0A072UQZ0  Glycosyltransferase  3.2  
G7L0U7  Plant/F20D21-34 protein  3.2  
I3T0H2  ATP synthase CF0 C subunit  3.2  
I3S4R5  Plant invertase/pectin methylesterase inhibitor  3.2  
G7IKJ7  Syntaxin of plants 122 protein  3.2  
A0A072TH49  Transmembrane 9 superfamily member  3.2  
A0A072TM03  LRR receptor-like kinase plant  3.2  
G7J914  Caffeic acid O-methyltransferase  3.2  
 
G7L4W5  Glycosyltransferase   3.2  
G7L9G3  Ubiquitin 1, related protein   3.2  
A0A072U3D8  Adenylosuccinate lyase 
Adenylosuccinate lyase  
 3.2  
G7J4Y2  Thylakoid-bound ascorbate 
peroxidase  
 3.2  
A2Q1R4  HEAT   3.2  
A0A072UNS2  Allyl alcohol dehydrogenase-like 
protein  
 3.2  
Q1STQ6  NADH dehydrogenase 1 alpha 
subcomplex subunit 1  
 3.2  
G7LFL6  BEL1-related homeotic protein   3.2  
A0A072UBR6  Mannan endo-1,4-beta-
mannosidase-like protein binding 
rossmann-fold protein  
NAD(P
)- 
3.2  
I3SPW7  RAB GTPase-like protein A1D   3.2  
G7KUM8  Polygalacturonase/glycoside 
hydrolase family protein  
 3.2  
A0A072TYG3  Processing peptidase   3.2  
G7ISG2  Homeobox domain protein   3.2  
I3SXB4  Cleavage and polyadenylation 
specificity factor 5  
 3.2  
G7JAF8  ER membrane protein complex 
subunit-like protein  
 3.2  
A0A072V4Z9  Soluble starch synthase III-1   3.1  
A0A072UQP6  UDP-glucose 6-dehydrogenase   3.1  
A0A072UTT2  Acetyltransferase (GNAT) domain 
protein  
 3.1  
G7IWS3  Actin-related protein ARP4   3.1  
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G7KXT9  Heat shock cognate 70 kDa protein   3.1  
A0A072VJA9  Zinc finger C-x8-C-x5-C-x3-H 
type family protein  
 3.1  
G7I576  Plant-specific B3-DNA-binding 
domain protein  
 3.1  
G7LC94  Cinnamyl alcohol dehydrogenase-
like protein  
 3.1  
G7ICF3  Subtilisin-like serine protease   3.1  
G7KYQ4  Nuclear transcription factor Y 
protein  
 3.1  
Q1RSH8  Glutathione S-transferase   3.1  
A2Q5B8  Eukaryotic translation initiation 
factor 3 subunit H  
 3.1  
G7L5T1  Disease resistance protein (TIR-
NBS-LRR class)  
 3.1  
B7FMF6  Polyketide cyclase/dehydrase and 
lipid transporter  
 3.1  
A0A072UMD5  DUF3067 family protein   3.1  
Q2MGR6  Glutathione S-transferase-like 
protein  
 3.1  
G7I5Z5  Histone H3   3.1  
G7K017  Ubiquitin 1, related protein   3.1  
A0A072TKY7  Carboxypeptidase   3.1  
A0A072TVP5  FTSH extracellular protease family 
protein  
 3.1  
A0A072TXB9  RPM1 interacting protein 4 
transcript protein  
 3.1  
A0A072UY58  Dual specificity kinase splA-like 
protein  
 3.1  
G7IH71  Phosphoenolpyruvate carboxylase   3.1  
G7IN73  Eukaryotic translation initiation 
factor 3 subunit C   
 3.1  
A0A072TRF9  Ubiquitin-conjugating enzyme   3.1  
G7JWJ0  LysM-domain receptor-like kinase   3.1  
 
A0A072UP88  Transaldolase total2 protein  3.1  
G7JFF2  Sucrose-phosphate synthase family protein  3.1  
G7LD93  Breast carcinoma amplified sequence protein, 
putative  
3.1  
G8A2A9  3-oxo-delta(4,5)-steroid 5-beta-reductase-like 
protein  
3  
A0A072VEB0  FACT complex subunit SSRP1  3  
A0A072UD42  Methylesterase  3  
A0A072U6R5  Eukaryotic translation initiation factor 3 subunit 
M  
3  
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A0A072VFL9  Scythe protein ubiquitin-like domain protein  3  
A0A072TK26  RAB GTPase-like protein A5D  3  
A0A072UFB5  Ras-related small GTP-binding family protein  3  
G7IFW3  Phytochrome protein B  3  
G7LCC6  SWAP (Suppressor-of-white-APricot)/surp 
domain protein  
3  
G7L8W8  Signal peptidase I family protein  3  
A0A072UHJ3  Pyridoxamine 5'-phosphate oxidase family 
protein  
3  
G7II78  Pre-mRNA-processing-splicing factor 8  3  
G7I9Z9  DNA gyrase subunit A  3  
A0A072TKQ3  Glycosyltransferase  3  
G7IAA5  Pyrrolidone-carboxylate peptidase  3  
A0A072U5I2  GDP-4-keto-6-deoxymannose-3, 5-epimerase-4-
reductase  
3  
A0A072U1P3  Strictosidine synthase family protein  3  
A0A072UFK8  Hexosyltransferase  3  
A0A072U7G0  Chlororespiratory reduction protein  3  
A0A072TF84  Annexin  3  
G7IBH6  Aminoacylase  3  
A0A072VFE5  Inositol-pentakisphosphate 2-kinase-like protein  3  
G7L1W8  Calcium-binding EF hand protein, putative  3  
A0A072UJ88  Short-chain dehydrogenase/reductase  3  
G7L537  RNA recognition motif  3  
G7J7U0  Ribosome-binding factor A  3  
G7KGX1  60S acidic ribosomal protein P0  3  
G7IRL4  Universal stress family protein  3  
G7IAT2  Ribose-5-phosphate isomerase A  3  
G7JCA9  N-acetylglutamate kinase  2.9  
A0A072VRM6  Germin family 1 protein  2.9  
G7KNB8  Phosphopyruvate hydratase  2.9  
G7I823  Translocon at the outer membrane ofs-like 
protein  
2.9  
G7L4R3  Histone-lysine N-methyltransferase  2.9  
G7LIY2  Lipoxygenase  2.9  
G7KKH5  Zinc-binding dehydrogenase family 
oxidoreductase  
2.9  
G8A0W8  Cysteine-rich receptor-kinase-like protein  2.9  
G7L0M8  Endoplasmic reticulum [ER]-type calcium 
ATPase, putative  
2.9  
 
G7JC58  Vacuolar sorting-associated-like protein  2.9  
A0A072TRB0  Translation initiation factor, putative  2.9  
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A0A072UIW2  Heat shock cognate 70 kDa protein  2.9  
A0A072UTQ7  Glycoside hydrolase family 1 protein  2.9  
A0A072V9Z9  Proliferation-associated 2G4-like protein  2.9  
A0A072VIK0  SOUL heme-binding family protein  2.9  
A0A072UDN9  Pre-mRNA-splicing factor SLU7-like protein  2.9  
G7KZT4  Vacuolar H+ ATPase V0 sector, subunit D ATP 
synthase (C/ac39) subunit  
2.9  
G7K3M7  Ferredoxin  2.9  
G7KGI6  Cinnamyl alcohol dehydrogenase-like protein  2.9  
A0A072TV15  SUMO-activating enzyme 1A transcript protein  2.9  
G7J9X2  60S ribosomal protein L39-3  2.9  
G7IKE0  Elongation factor Tu  2.9  
A0A072V6N9  Nucleosome assembly protein  2.9  
A0A072VM55  Import inner membrane translocase subunit 
TIM21, putative  
2.9  
G7J8G7  5'-methylthioadenosine/S-adenosylhomocysteine 
nucleosidase  
2.9  
G7I7Q4  Heat shock protein 81-2  2.9  
A0A072UKL1  Transcription factor bHLH122-like protein  2.9  
A0A072VIZ2  RNA recognition motif  2.8  
A0A072UHK5  alpha-1,2-Mannosidase  2.8  
B7FKI4  Carboxypeptidase  2.8  
G7ISH3  Chromatin remodeling factor, putative  2.8  
G8A181  Nuclear pore localization protein NPL4  2.8  
G7JEN5  Plastid transketolase  2.8  
G7KXL9  Epoxide hydrolase  2.8  
G7JKF9  Heat shock protein 70 (HSP70)-interacting protein, 
putative  
2.8  
A0A072V9S5  Plant/F14D7-9 protein  2.8  
A0A072UH16  Isochorismatase hydrolase family protein  2.8  
G7JBI2  ATP-dependent zinc metalloprotease FTSH-like 
protein  
2.8  
G7IUG0  Pre-mRNA-splicing factor ATP-dependent RNA 
helicase  
2.8  
A0A072VP75  Glutathione S-transferase, amino-terminal domain 
protein  
2.8  
G7JNG4  Anamorsin homolog  2.8  
G7KYC5  Acetate-CoA ligase  2.8  
G7JSI6  Purple acid phosphatase  2.8  
G7L4R0  Magnesium-protoporphyrin IX monomethyl ester 
cyclase  
2.8  
G7ID65  Amine oxidase  2.8  
G7JT56  Signal peptide peptidase A (SppA) 36 kDa type 
protein  
2.8  
A0A072UNE2  SKIP interacting protein  2.8  
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G7KSC2  BAG family molecular chaperone regulator  2.8  
G7J0Z6  Ribosomal protein S14  2.8  
A0A072V216  Tryptophan-tRNA ligase  2.8  
 
A0A072VAP8  Epoxide hydrolase-like protein  2.8  
A0A072TWZ7  5-hydroxyisourate hydrolase  2.8  
G7J7E9  Starch synthase, chloroplastic/amyloplastic  2.8  
A0A072U4W9  DNA-binding protein, putative  2.8  
A0A072U4C4  Glutathione S-transferase  2.8  
G7ZVT6  NAD(P)-binding rossmann-fold protein  2.8  
A0A072V0A4  SufS subfamily cysteine desulfurase  2.8  
G7JCY5  DUF3119 family protein  2.8  
A0A072UTN7  Indigoidine synthase A-like protein  2.7  
G7JXQ3  Threonine endopeptidase  2.7  
A0A072ULR7  Tetrapyrrole-binding protein  2.7  
G7JGU9  Topless-like protein  2.7  
A0A072VDW0  Calcium-binding EF hand protein  2.7  
G7JVF0  Small nuclear ribonucleoprotein  2.7  
G7KN51  40S ribosomal S7-like protein  2.7  
G7JCD0  Plasma membrane ATPase  2.7  
G7IPS1  Enoyl-CoA hydratase/isomerase family protein  2.7  
A0A072VDQ0  PHD finger alfin-like protein  2.7  
A0A072VQL3  Glucosamine-6-phosphate isomerase/6-
phosphogluconolactonase  
2.7  
A0A072U2S5  Regulatory particle triple-A ATPase  2.7  
A0A072TYD9  Pyruvate dehydrogenase E1 component subunit 
alpha  
2.7  
G7JZX8  Clathrin-adaptor medium chain AP-2  2.7  
B7FLU4  NOP56-like pre RNA processing 
ribonucleoprotein  
2.7  
G7LIR4  General regulatory factor 2  2.7  
B7FIP5  ATP-dependent Clp protease proteolytic subunit  2.7  
A0A072U613  Sucrase/ferredoxin family protein  2.7  
G7JG98  TPR domain protein  2.7  
G7J9D5  RNA recognition motif  2.7  
G7J9R6  60S ribosomal L6-like protein  2.7  
A0A072TRF6  U6 snRNA-associated-like-Smprotein  2.7  
G7JKW9  Low molecular weight tyrosine-phosphatase, 
putative  
2.7  
G7JKB4  2OG-Fe(II) oxygenase family oxidoreductase 
2OG-Fe(II) oxygenase family oxidoreductase  
2.7  
Q2HU31  Glycoside hydrolase family 18 protein  2.7  
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G7IRR6  Protein disulfide-isomerase  2.7  
G7KEN6  Heat shock protein 81-2  2.7  
G7J3Z0  Seryl-tRNA synthetase/serine-tRNA ligase  2.6  
G7J8F1  Uncharacterized protein  2.6  
A0A072VDN8  DUF1350 family protein  2.6  
G7J5Y6  Transmembrane protein, putative  2.6  
A0A072VKU9  Regulatory particle triple-A ATPase  2.6  
G7J9S6  Lariat debranching enzyme  2.6  
 
B7FKV5  Putative uncharacterized protein  2.6  
G7J401  Blue copper-like protein  2.6  
G7LEC0  Lectin kinase family protein  2.6  
B7FMA6  Eukaryotic translation initiation factor 5A  2.6  
A0A072V122  tRNA-binding region domain protein  2.6  
G7IED3  FZO-like protein  2.6  
G7J036  Syntaxin of plants protein  2.6  
A0A072V5S0  Late embryogenesis abundant protein  2.6  
A0A072U595  DNA-damage-repair/toleration protein DRT102, 
putative  
2.6  
Q2HTV7  Major sperm protein  2.6  
A0A072USC3  Nucleoporin 50 Ran-binding domain protein, 
putative  
2.6  
A0A072VMT1  Hepatocellular carcinoma-associated antigen 59  2.6  
A0A072USU9  TGB12K interacting protein  2.6  
G7K0X0  Vacuolar-sorting receptor-like protein  2.6  
A0A072TY87  Uncharacterized protein  2.6  
G7KY52  Elongation factor P (EF-P), putative  2.6  
A0A072VFE9  Peptidyl-prolyl cis-trans isomerase  2.6  
G7IXL5  Acyl-peptide hydrolase-like protein  2.6  
I3SP28  DUF615 family protein  2.6  
G7K3B9  Pleckstrin-like (PH) domain protein  2.6  
A0A072TLH1  Beta-galactosidase  2.6  
G7LCJ4  F0F1-type ATP synthase, epsilon subunit  2.6  
G7KJ81  DUF3456 domain protein  2.6  
G7IDE5  3-dehydroquinate synthase  2.5  
G7J6D9  Thioredoxin  2.5  
A0A072UFI2  GDP-D-mannose-3,5-epimerase  2.5  
G7JN29  Temperature-sensitive omega-3 fatty acid 
desaturase  
2.5  
A0A072UQA3  26S proteasome regulatory particle triple-A 
ATPase protein  
2.5  
A0A072VRY9  Calcium-binding EF hand-like protein  2.5  
114  
 
G7IE16  Cysteine-rich receptor-kinase-like protein  2.5  
G7ZXR9  Histone deacetylase complex subunit SAP18  2.5  
A0A072VM58  Oligosaccharyltransferase subunit ribophorin II  2.5  
A0A072URP5  Transducin/WD-like repeat-protein  2.5  
A0A072TP38  2,4-dienoyl-CoA reductase  2.5  
A0A072UQ12  Aminoacyl-tRNA synthetase  2.5  
G7K694  Fructose-bisphosphate aldolase  2.5  
G7JW56  60S ribosomal L8-like protein  2.5  
G7JWF9  ATP/GTP-binding family protein, putative  2.5  
I3SWS9  30S ribosomal protein S10  2.5  
G7L7C9  Processing peptidase  2.5  
G7KRL3  Calreticulin  2.5  
 
I3SI25  Uncharacterized protein  2.5  
A8W459  VAMP-associated protein  2.5  
G7INU0  Beta-hydroxyacyl-ACP dehydratase  2.4  
G7INA6  ABA-responsive protein  2.4  
G7LDI7  NB-ARC domain disease resistance protein  2.4  
G7IP63  RNA-binding KH domain protein  2.4  
A0A072UNZ7  RAB GTPase-like protein B1C  2.4  
G7IG85  Fiber protein Fb15  2.4  
G7KRI7  Isopentenyl-diphosphate delta-isomerase  2.4  
A0A072TRK8  Ubiquitin carboxyl-terminal hydrolase  2.4  
A0A072UPG4  Poly(U)-specific endoribonuclease-B-like protein  2.4  
B7FN18  Adenylate kinase  2.4  
G7L3V5  ATPase, AAA-type, CDC48 protein  2.4  
G7I9H4  Lon protease S16 carboxy-terminal proteolytic 
domain protein  
2.4  
G7I766  Phosphotransferase  2.4  
A0A072TKG5  ATP synthase subunit alpha  2.4  
A0A072UPE5  Carboxypeptidase  2.4  
B7FJM0  Peptidyl-prolyl cis-trans isomerase E-like protein  2.4  
G7LIM7  Chlorophyllide A oxygenase  2.4  
A0A072V1S8  Phosphoribulokinase/uridine kinase-like protein  2.4  
G7K6T1  Acyl-CoA-binding domain protein  2.4  
G7I6P1  RNA-binding (RRM/RBD/RNP motif) family 
protein  
2.4  
A0A072UQ36  Eukaryotic translation initiation factor-like 
protein  
2.4  
G7J7Y8  UTP-glucose-1-phosphate uridylyltransferase  2.4  
A0A072UEA6  2-oxoacid dehydrogenase acyltransferase domain 
protein  
2.4  
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G7IS42  Survival protein SurE-like 
phosphatase/nucleotidase  
2.4  
A0A072TSA9  High mobility group (HMG)-box protein  2.4  
Q5IFH8  Glycosyltransferase  2.4  
G7JKV1  Peroxidase  2.4  
A0A072U502  RING zinc finger protein, putative  2.4  
A0A072VP40  Pyruvate kinase  2.4  
G7J2E7  Biotin/lipoyl attachment domain protein  2.4  
G7JH60  30S ribosomal protein S3  2.4  
G7L7F0  Phosphotransferase  2.3  
A0A072V9G5  Protein phosphatase 2C-like protein  2.3  
G7JQK5  Saccharopine dehydrogenase  2.3  
G7K8S5  N-acyl-L-amino-acid amidohydrolase  2.3  
G7KYU2  Porin/voltage-dependent anion-selective channel 
protein  
2.3  
A0A072UU00  Pre-mRNA-splicing factor ATP-dependent RNA 
helicase  
2.3  
A0A072UM85  Elongation factor Tu (EF-Tu) GTP-binding 
family protein  
2.3  
G7KDB9  Hydroxyacylglutathione hydrolase  2.3  
 
G7J0Y9  Ribulose 1,5-bisphosphate carboxylase, large 
subunit  
2.3  
G7LF15  Aldehyde dehydrogenase  2.3  
G7JJ57  Polyadenylate-binding protein RBP47C  2.3  
I3SI15  Pleckstrin-like (PH) domain protein  2.3  
G7J588  Tubulin beta chain  2.3  
A0A072UTP2  Stress responsive A/B barrel domain protein  2.3  
G7KRV4  Heat shock factor-binding protein  2.3  
G7JL07  GLN phosphoribosyl pyrophosphate 
amidotransferase  
2.3  
G7K4S3  60S ribosomal protein L26-1  2.3  
G7L6H0  Glutathione S-transferase, amino-terminal domain 
protein  
2.3  
A0A072VCU5  SNAP receptor complex protein  2.3  
A0A072V376  ATP-dependent zinc metalloprotease FTSH 
protein  
2.3  
G7KI14  DNA-directed RNA polymerase I, II  2.3  
I3SIN4  Replication factor C subunit 2  2.3  
G7JJ90  Endonuclease/exonuclease/phosphatase family 
protein  
2.3  
A0A072V1N9  Ras GTPase-activating binding-like protein Ras 
GTPaseactivating binding-like protein  
2.2  
A0A072VIG5  Glycoside hydrolase family 79 amino-terminal 
domain protein  
2.2  
G7KQU7  Iron-sulfur cluster assembly protein IscA  2.2  
A0A072U1Q0  Insulin-degrading enzyme  2.2  
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G7JLL2  Pathogenesis-related protein bet V I family protein  2.2  
A0A072VRA4  50S ribosomal protein L15  2.2  
A0A072U9H4  Chlorophyll a-b binding protein, chloroplastic  2.2  
B7FJB9  Anthranilate synthase component II  2.2  
A0A072ULT2  NADH ubiquinone oxidoreductase 13 kDa-like 
subunit  
2.2  
G7KRM5  Pyrroline-5-carboxylate reductase  2.2  
G7KID3  UDP-glucosyltransferase family protein  2.2  
B7FGP1  Putative uncharacterized protein  2.2  
B7FIA7  Reticulon-like protein  2.2  
I3T3U9  UBA and UBX domain plant protein  2.2  
G7JX26  CHUP1-like protein  2.2  
G7J2R6  110 kDa 4SNc-tudor domain protein  2.2  
A0A072VFQ2  Glucosamine-6-phosphate isomerase/6-
phosphogluconolactonase  
2.1  
A0A072UPW1  RNA polymerase-associated RTF1-like protein  2.1  
I3S7W3  Pathogenesis-related protein bet V I family protein  2.1  
A0A072UFI3  Glycerophosphoryl diester phosphodiesterase 
family protein  
2.1  
A0A072VAR2  Plant/F12A21-30 protein, putative  2.1  
I3T560  Superoxide dismutase  2.1  
G7K569  Protein transporter  2.1  
G7K0K8  Emp24/gp25L/p24 family protein  2.1  
A2Q4Q6  Allantoinase  2.1  
G7IEE7  Xyloglucanase-specific endoglucanase inhibitor 
protein  
2.1  
 
A2Q3E0  DNA-directed RNA polymerase I, II  2.1  
A2Q335  Histone H2A  2.1  
G7IHV8  BZIP transcription factor  2  
G7L840  Import component Toc86/159, G and M domain 
protein  
2  
G7KGT1  Ribulose bisphosphate carboxylase/oxygenase 
activase  
2  
A0A072UXA5  Tyrosine--tRNA ligase  2  
A0A072VEL9  Acyl:CoA ligase  2  
A0A072V1I7  Rhodanese/cell cycle control phosphatase 
superfamily protein  
2  
A0A072TKH3  NADH dehydrogenase [ubiquinone] 1 alpha 
subcomplex subunit 12  
2  
A0A072V3A8  Catalase  2  
I3S066  60S acidic ribosomal protein  2  
G7IDT8  CTP synthase  2  
A0A072UQA9  Beta-xylosidase/alpha-L-arabinofuranosidase-like 
protein  
2  
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G7L779  NAD(P)-binding rossmann-fold protein  2  
G7IMA2  Small nuclear ribonucleoprotein  2  
Q1RSH3  GroEL-like chaperone, ATPase  2  
A0A072UF47  Epoxide hydrolase  2  
A0A072UGC6  Uncharacterized protein  1.9  
A0A072U549  Haloacid dehalogenase-like hydrolase family 
protein  
1.9  
G7JLX3  Transmembrane protein, putative  1.9  
A0A072VQ51  TPR protein  1.9  
A0A072VUA9  Helicase  1.9  
G7J0H2  Thioredoxin  1.9  
G7LCN6  Calcium-dependent lipid-binding (CaLB domain) 
family protein  
1.9  
A0A072U4V9  Plant/F4C21-7 protein, putative  1.9  
G7JQS3  Secretory carrier-associated membrane protein  1.9  
G7K2J4  Porin/voltage-dependent anion-selective channel 
protein  
1.9  
G7INP0  Plastid developmental protein DAG, putative  1.8  
A0A072USH5  RNA-binding (RRM/RBD/RNP motif) family 
protein  
1.8  
A0A072VHG8  HAM1 family protein  1.8  
I3SIK3  Kynurenine formamidase-like protein  1.8  
G7L156  Uncharacterized protein  1.8  
A2Q383  Linker histone H1 and h5 family protein  1.8  
G7J4G2  RNA recognition motif  1.8  
G7J5P9  Prolyl-tRNA synthetase family protein  1.8  
G7I4F8  Succinate dehydrogenase  1.8  
G7JCF5  Translocon at the outer envelope membrane ofs 
protein 75-III  
1.7  
B7FMT1  30S ribosomal protein S17  1.7  
I3S1P8  Porin/voltage-dependent anion-selective channel 
protein  
1.7  
A0A072VBW0  General regulatory factor 2  1.7  
A0A072U4W5  RNA-binding (RRM/RBD/RNP motif) family 
protein  
1.7  
A0A072V5Z4  Peroxidase  1.6  
A0A072U9U2  Sorbitol dehydrogenase-like protein  1.6  
A0A072U566  Peptidyl-prolyl cis-trans isomerase  1.6  
A0A072VA82  Eukaryotic translation initiation factor 2c, putative  1.6  
G7I4Y0  Protein decapping-like protein  1.6  
G7IJU0  Peroxidase  1.6  
B7FMR5  Putative uncharacterized protein  1.6  
A0A072V4Z5  Alanine--tRNA ligase  1.6  
G7KU87  RAB GTPase-like protein B1C  1.5  
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G7JAX4  Actin 2  1.5  
G7JM88  Lethal leaf-spot protein, putative  1.5  
A0A072V2V0  ATP-dependent Clp protease ATP-binding subunit  1.4  
I3SFE3  Proteasome subunit alpha type  1.4  
A0A072TV12  Heat shock cognate 70 kDa-like protein  1.4  
G7KAG6  Cytochrome C oxidase, subunit VIb family protein  1.4  
A0A072UWF5  Eukaryotic aspartyl protease family protein  1.4  
G7J950  Eukaryotic translation initiation factor 3 subunit B  1.4  
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Appendix B: Downregulated proteins in A8T relative to EVT  
Protein ID  Description  Fold change  
G7KWW4  Pectinesterase  18.2  
B7FIM7  Inorganic pyrophosphatase  16  
A0A072TXF8  Polygalacturonase inhibitor  11.2  
A0A072VCZ9  Bark storage-like protein  11.1  
G7JC94  60S acidic ribosomal protein P0  9.8  
A0A072VB76  Thioredoxin M-type protein  9.6  
G7KG86  Uncharacterized protein  8.5  
G7KEX7  Aldose 1-epimerase family protein  8.5  
A0A072TM19  50S ribosomal protein L4, bacterial/organelle 
protein  
8.3  
G7I9E0  Peptidylprolyl isomerase  8  
G7JK45  Monocopper oxidase SKS1-like protein  7.9  
A0A072TC88  ATP synthase, F1 beta subunit  7.3  
I3S399  SOUL heme-binding family protein  7.2  
A0A072UYV0  Ribosomal protein S5  6.8  
G7JU02  Methionine sulfoxide reductase B 2  6.3  
I3SMR8  Photosystem II biogenesis protein  6  
I3SK73  Perchloric acid soluble translation inhibitor-
like protein  
5.9  
G7IKK4  Peroxidase  5.8  
G7JBK8  Cyanobacterial and plant NDH-1 subunit O  5.8  
G7JWI9  NAD(P)H dehydrogenase  5.7  
A0A072TL99  60S ribosomal L28-like protein  5.7  
G7J3A3  Alpha-mannosidase  5.7  
A0A072UTT5  Glyoxalase/bleomycin resistance 
protein/dioxygenase  
5.5  
Q2HVI3  60S ribosomal protein L7  5.3  
G7JC63  PsbP domain protein  5.2  
G7KVG4  Pectin acetylesterase  4.5  
A0A072VLF0  60S acidic ribosomal protein  4.4  
B7FHB2  Ribulose bisphosphate carboxylase small chain  4.4  
I3SU63  Fructose-bisphosphate aldolase  4.3  
G7JNJ7  Enoyl-acyl-carrier reductase  4.1  
G7KZC5  Nod factor-binding lectin-nucleotide 
phosphohydrolase  
4.1  
G7KVX9  Pectinesterase  3.9  
G7JAI2  ATP synthase, F0 subunit B  3.9  
G7KRA8  40S ribosomal S9-like protein  3.7  
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G7L9J5  Basic blue-like protein  3.7  
G7JCK0  Ketol-acid reductoisomerase  3.6  
A0A072VHI1  GroES chaperonin  3.2  
G7JPH8  Photosystem II stability/assembly factor 
HCF136  
3.2  
A0A072VBI2  Chalcone-flavonone isomerase family protein  3  
G7LHX9  Protease inhibitor/seed storage/LTP family 
protein  
2.8  
G7KZD5  Ricin-type beta-trefoil lectin domain protein  2.8  
B7FL29  40S ribosomal protein S4  2.7  
A0A072U6Q1  Ribulose bisphosphate carboxylase small chain  2.6  
I3S3S0  Cytosolic triosephosphate isomerase  2.5  
G7KSE8  Phosphoglycolate phosphatase-like protein  2.4  
A0A072UXA2  Subtilisin-like serine protease  2.3  
A0A072UN88  NAD(P)H:quinone oxidoreductase, type IV 
protein  
2.2  
A0A072TS46  Zinc-binding dehydrogenase family 
oxidoreductase  
2.2  
G7JRX9  Peptidyl-prolyl cis-trans isomerase  2.1  
G7ZVI4  Photosystem II oxygen-evolving enhancer 
protein  
2.1  
G7K6J9  Rubredoxin family protein  2.1  
A2Q593  Photosystem I iron-sulfur center  2  
G7LIW2  Iron-regulated ABC transporter ATPase 
protein  
1.9  
A0A072UZJ4  Purple acid phosphatase  1.9  
A0A072V8Q4  S-adenosylmethionine synthase  1.8  
A0A072TLC8  Carboxypeptidase  1.8  
A0A072ULB0  Fructose-bisphosphate aldolase  1.8  
A0A072TZA9  Zinc-binding dehydrogenase family 
oxidoreductase  
1.6  
G7IL87  Cytochrome B-c1 complex subunit 6  1.5  
G7LH37  Aspartokinase-homoserine dehydrogenase  1.4  
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Appendix C: Enriched biological processes GO terms in A8T  
GO.ID  Term  Count  
GO:1901564  organonitrogen compound metabolic process  125  
GO:1901566  organonitrogen compound biosynthetic process  94  
GO:0044281  small molecule metabolic process  92  
GO:0043436  oxoacid metabolic process  66  
GO:0019752  carboxylic acid metabolic process  65  
GO:0006082  organic acid metabolic process  66  
GO:0043603  cellular amide metabolic process  65  
GO:0046686  response to cadmium ion  29  
GO:0006412  translation  60  
GO:0006518  peptide metabolic process  61  
GO:0043604  amide biosynthetic process  62  
GO:0043043  peptide biosynthetic process  60  
GO:0010038  response to metal ion  32  
GO:0009657  plastid organization  24  
GO:0044710  single-organism metabolic process  179  
GO:0006520  cellular amino acid metabolic process  34  
GO:0006457  protein folding  20  
GO:0010035  response to inorganic substance  39  
GO:0019693  ribose phosphate metabolic process  24  
GO:0046496  nicotinamide nucleotide metabolic process  15  
GO:0019362  pyridine nucleotide metabolic process  15  
GO:0032787  monocarboxylic acid metabolic process  30  
GO:0009117  nucleotide metabolic process  27  
GO:0072524  pyridine-containing compound metabolic process  15  
GO:0055086  nucleobase-containing small molecule metabolic 
process  
30  
GO:0006753  nucleoside phosphate metabolic process  27  
GO:0006733  oxidoreduction coenzyme metabolic process  15  
GO:0051186  cofactor metabolic process  26  
GO:0072521  purine-containing compound metabolic process  23  
GO:0006163  purine nucleotide metabolic process  21  
GO:0009116  nucleoside metabolic process  23  
GO:1901135  carbohydrate derivative metabolic process  33  
GO:0044763  single-organism cellular process  207  
GO:1901657  glycosyl compound metabolic process  23  
GO:0009199  ribonucleoside triphosphate metabolic process  18  
GO:0006732  coenzyme metabolic process  21  
GO:0009119  ribonucleoside metabolic process  21  
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GO:0009141  nucleoside triphosphate metabolic process  18  
GO:0046034  ATP metabolic process  17  
 
GO:0009126  purine nucleoside monophosphate metabolic 
process  
18  
GO:0009167  purine ribonucleoside monophosphate metabolic 
process  
18  
GO:0044712  single-organism catabolic process  30  
GO:0009144  purine nucleoside triphosphate metabolic process  17  
GO:0009205  purine ribonucleoside triphosphate metabolic 
process  
17  
GO:0048731  system development  56  
GO:0071704  organic substance metabolic process  311  
GO:0006418  tRNA aminoacylation for protein translation  11  
GO:0006807  nitrogen compound metabolic process  170  
GO:0009161  ribonucleoside monophosphate metabolic process  18  
GO:0006096  glycolytic process  10  
GO:0006757  ATP generation from ADP  10  
GO:0046031  ADP metabolic process  10  
GO:0043038  amino acid activation  11  
GO:0043039  tRNA aminoacylation  11  
GO:0009607  response to biotic stimulus  35  
GO:0006090  pyruvate metabolic process  11  
GO:0046128  purine ribonucleoside metabolic process  19  
GO:0009135  purine nucleoside diphosphate metabolic process  10  
GO:0009179  purine ribonucleoside diphosphate metabolic 
process  
10  
GO:0009185  ribonucleoside diphosphate metabolic process  10  
GO:0042278  purine nucleoside metabolic process  19  
GO:0042221  response to chemical  73  
GO:0009617  response to bacterium  21  
GO:0006091  generation of precursor metabolites and energy  22  
GO:0009123  nucleoside monophosphate metabolic process  18  
GO:0046939  nucleotide phosphorylation  11  
GO:0006165  nucleoside diphosphate phosphorylation  10  
GO:0051156  glucose 6-phosphate metabolic process  6  
GO:0009259  ribonucleotide metabolic process  19  
GO:0009056  catabolic process  50  
GO:0009058  biosynthetic process  151  
GO:0050896  response to stimulus  157  
GO:0009735  response to cytokinin  15  
GO:0009150  purine ribonucleotide metabolic process  18  
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GO:1901575  organic substance catabolic process  44  
GO:0048608  reproductive structure development  39  
GO:0061458  reproductive system development  39  
GO:0042742  defense response to bacterium  18  
GO:0044249  cellular biosynthetic process  142  
GO:0044711  single-organism biosynthetic process  56  
 
GO:0009082  branched-chain amino acid biosynthetic process  5  
GO:0009132  nucleoside diphosphate metabolic process  10  
GO:0009605  response to external stimulus  37  
GO:0044724  single-organism carbohydrate catabolic process  10  
GO:0009658  chloroplast organization  12  
GO:1901576  organic substance biosynthetic process  141  
GO:0006397  mRNA processing  12  
GO:0043207  response to external biotic stimulus  30  
GO:0051707  response to other organism  30  
GO:0000398  mRNA splicing, via spliceosome  8  
GO:0044237  cellular metabolic process  284  
GO:0009409  response to cold  17  
GO:0006098  pentose-phosphate shunt  5  
GO:0009668  plastid membrane organization  6  
GO:0010027  thylakoid membrane organization  6  
GO:0009628  response to abiotic stimulus  52  
GO:0010608  posttranscriptional regulation of gene expression  12  
GO:0009163  nucleoside biosynthetic process  11  
GO:0042455  ribonucleoside biosynthetic process  11  
GO:0019637  organophosphate metabolic process  28  
GO:0006081  cellular aldehyde metabolic process  8  
GO:0065003  macromolecular complex assembly  19  
GO:0000413  protein peptidyl-prolyl isomerization  8  
GO:0009266  response to temperature stimulus  22  
GO:0008152  metabolic process  388  
GO:0016071  mRNA metabolic process  14  
GO:0018208  peptidyl-proline modification  8  
GO:0072522  purine-containing compound biosynthetic process  11  
GO:0010148  transpiration  3  
GO:0006164  purine nucleotide biosynthetic process  10  
GO:0003006  developmental process involved in reproduction  40  
GO:0043933  macromolecular complex subunit organization  27  
124  
 
GO:1901659  glycosyl compound biosynthetic process  11  
GO:0009987  cellular process  358  
GO:0000375  RNA splicing, via transesterification reactions  8  
GO:0000377  RNA splicing, via transesterification reactions with 
bulged adenosine as nucleophile  
8  
GO:0008652  cellular amino acid biosynthetic process  14  
GO:0071840  cellular component organization or biogenesis  78  
GO:0034641  cellular nitrogen compound metabolic process  149  
GO:0044238  primary metabolic process  286  
GO:0009081  branched-chain amino acid metabolic process  5  
 
GO:0022613  ribonucleoprotein complex biogenesis  12  
GO:0016043  cellular component organization  72  
GO:0006739  NADP metabolic process  5  
GO:0044723  single-organism carbohydrate metabolic process  25  
GO:0016053  organic acid biosynthetic process  23  
GO:0046394  carboxylic acid biosynthetic process  23  
GO:0042451  purine nucleoside biosynthetic process  9  
GO:0046129  purine ribonucleoside biosynthetic process  9  
GO:0042026  protein refolding  3  
GO:0019682  glyceraldehyde-3-phosphate metabolic process  5  
GO:0019725  cellular homeostasis  15  
GO:0022618  ribonucleoprotein complex assembly  6  
GO:0071826  ribonucleoprotein complex subunit organization  6  
GO:0009201  ribonucleoside triphosphate biosynthetic process  8  
GO:0006417  regulation of translation  7  
GO:0034248  regulation of cellular amide metabolic process  7  
GO:0006435  threonyl-tRNA aminoacylation  2  
GO:0017007  protein-bilin linkage  2  
GO:0009142  nucleoside triphosphate biosynthetic process  8  
GO:0034660  ncRNA metabolic process  17  
GO:0098542  defense response to other organism  22  
GO:0022607  cellular component assembly  22  
GO:0044085  cellular component biogenesis  31  
GO:0044283  small molecule biosynthetic process  26  
GO:0006754  ATP biosynthetic process  7  
GO:0009127  purine nucleoside monophosphate biosynthetic 
process  
8  
GO:0009168  purine  ribonucleoside  monophosphate 
 biosynthetic process  
8  
GO:1901137  carbohydrate derivative biosynthetic process  16  
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GO:0006413  translational initiation  12  
GO:0008380  RNA splicing  9  
GO:0019538  protein metabolic process  143  
GO:0034622  cellular macromolecular complex assembly  15  
GO:0015985  energy coupled proton transport, down 
electrochemical gradient  
6  
GO:0015986  ATP synthesis coupled proton transport  6  
GO:0006996  organelle organization  44  
GO:0015979  photosynthesis  15  
GO:0009260  ribonucleotide biosynthetic process  9  
GO:0046390  ribose phosphate biosynthetic process  9  
GO:0009165  nucleotide biosynthetic process  11  
GO:0044248  cellular catabolic process  31  
GO:0009145  purine nucleoside triphosphate biosynthetic 
process  
7  
 
GO:0009206  purine ribonucleoside triphosphate biosynthetic 
process  
7  
GO:0001731  formation of translation preinitiation complex  4  
GO:0006446  regulation of translational initiation  4  
GO:0009072  aromatic amino acid family metabolic process  7  
GO:0010154  fruit development  21  
GO:0044282  small molecule catabolic process  9  
GO:0044702  single organism reproductive process  34  
GO:1901293  nucleoside phosphate biosynthetic process  11  
GO:0009156  ribonucleoside monophosphate biosynthetic 
process  
8  
GO:1901605  alpha-amino acid metabolic process  15  
GO:0051649  establishment of localization in cell  22  
GO:0009152  purine ribonucleotide biosynthetic process  8  
GO:0009902  chloroplast relocation  3  
GO:0019750  chloroplast localization  3  
GO:0051644  plastid localization  3  
GO:0051667  establishment of plastid localization  3  
GO:0044271  cellular nitrogen compound biosynthetic process  102  
GO:0005975  carbohydrate metabolic process  48  
GO:0008104  protein localization  19  
GO:0044802  single-organism membrane organization  8  
GO:0048316  seed development  20  
GO:0010118  stomatal movement  7  
GO:0009790  embryo development  16  
GO:0019318  hexose metabolic process  6  
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GO:0032544  plastid translation  3  
GO:0045454  cell redox homeostasis  11  
GO:0044699  single-organism process  272  
GO:0009793  embryo development ending in seed dormancy  15  
GO:0048481  ovule development  5  
GO:0006950  response to stress  91  
GO:0022414  reproductive process  41  
GO:0009124  nucleoside monophosphate biosynthetic process  8  
GO:0035670  plant-type ovary development  5  
GO:0006085  acetyl-CoA biosynthetic process  2  
GO:0009099  valine biosynthetic process  2  
GO:0005996  monosaccharide metabolic process  8  
GO:0006833  water transport  3  
GO:0042044  fluid transport  3  
GO:0044267  cellular protein metabolic process  117  
GO:0006414  translational elongation  10  
GO:0048513  organ development  28  
 
GO:0061024  membrane organization  9  
GO:0044242  cellular lipid catabolic process  5  
GO:0043648  dicarboxylic acid metabolic process  6  
GO:0051656  establishment of organelle localization  3  
GO:0015031  protein transport  17  
GO:0016052  carbohydrate catabolic process  15  
GO:0071822  protein complex subunit organization  15  
GO:0006399  tRNA metabolic process  11  
GO:0045184  establishment of protein localization  17  
GO:0009789  positive regulation of abscisic acid-activated 
signaling pathway  
3  
GO:0010021  amylopectin biosynthetic process  2  
GO:0017006  protein-tetrapyrrole linkage  2  
GO:0035384  thioester biosynthetic process  2  
GO:0071616  acyl-CoA biosynthetic process  2  
GO:2000896  amylopectin metabolic process  2  
GO:0070271  protein complex biogenesis  13  
GO:0046835  carbohydrate phosphorylation  4  
GO:0010467  gene expression  102  
GO:0010025  wax biosynthetic process  3  
GO:0006818  hydrogen transport  11  
GO:0015992  proton transport  11  
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GO:0051641  cellular localization  22  
GO:0051701  interaction with host  4  
GO:0006487  protein N-linked glycosylation  3  
GO:0010166  wax metabolic process  3  
GO:0090332  stomatal closure  3  
GO:1901421  positive regulation of response to alcohol  3  
GO:1902600  hydrogen ion transmembrane transport  10  
GO:0006013  mannose metabolic process  2  
GO:0006573  valine metabolic process  2  
GO:0006605  protein targeting  8  
GO:0006396  RNA processing  20  
GO:0015994  chlorophyll metabolic process  5  
GO:0006631  fatty acid metabolic process  12  
GO:0019684  photosynthesis, light reaction  8  
GO:0072329  monocarboxylic acid catabolic process  4  
GO:0046907  intracellular transport  17  
GO:0051640  organelle localization  3  
GO:0048367  shoot system development  22  
GO:0006084  acetyl-CoA metabolic process  2  
GO:0006549  isoleucine metabolic process  2  
 
GO:0009097  isoleucine biosynthetic process  2  
GO:0010019  chloroplast-nucleus signaling pathway  2  
GO:0031053  primary miRNA processing  2  
GO:0031397  negative regulation of protein ubiquitination  2  
GO:0051340  regulation of ligase activity  2  
GO:0051352  negative regulation of ligase activity  2  
GO:0051438  regulation of ubiquitin-protein transferase activity  2  
GO:0051444  negative regulation of ubiquitin-protein transferase 
activity  
2  
GO:1904666  regulation of ubiquitin protein ligase activity  2  
GO:1904667  negative regulation of ubiquitin protein ligase 
activity  
2  
GO:0006461  protein complex assembly  12  
GO:0048440  carpel development  5  
GO:0090378  seed trichome elongation  3  
GO:0006886  intracellular protein transport  13  
GO:0034613  cellular protein localization  14  
GO:0072593  reactive oxygen species metabolic process  10  
GO:0006378  mRNA polyadenylation  2  
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GO:0006995  cellular response to nitrogen starvation  2  
GO:0009903  chloroplast avoidance movement  2  
GO:0010204  defense response signaling pathway, resistance 
geneindependent  
2  
GO:0031396  regulation of protein ubiquitination  2  
GO:0048564  photosystem I assembly  2  
GO:0072503  cellular divalent inorganic cation homeostasis  2  
GO:1903321  negative regulation of protein modification by 
small protein conjugation or removal  
2  
GO:0015988  energy coupled proton transmembrane transport, 
against electrochemical gradient  
4  
GO:0015991  ATP hydrolysis coupled proton transport  4  
GO:0048467  gynoecium development  5  
GO:0010207  photosystem II assembly  3  
GO:0009908  flower development  14  
GO:0009651  response to salt stress  15  
GO:1901607  alpha-amino acid biosynthetic process  9  
GO:0006561  proline biosynthetic process  2  
GO:0044000  movement in host  2  
GO:0046739  transport of virus in multicellular host  2  
GO:0051814  movement in other organism involved in symbiotic 
interaction  
2  
GO:0052126  movement in host environment  2  
GO:0052192  movement in environment of other organism 
involved in symbiotic interaction  
2  
GO:1903320  regulation of protein modification by small protein 
conjugation or removal  
2  
GO:0055114  oxidation-reduction process  73  
 
GO:0033036  macromolecule localization  21  
GO:0042430  indole-containing compound metabolic process  4  
GO:0006979  response to oxidative stress  16  
GO:0016441  posttranscriptional gene silencing  5  
GO:0016032  viral process  3  
GO:0031047  gene silencing by RNA  6  
GO:0009073  aromatic amino acid family biosynthetic process  4  
GO:0070727  cellular macromolecule localization  14  
GO:0090567  reproductive shoot system development  14  
GO:1901565  organonitrogen compound catabolic process  7  
GO:0009062  fatty acid catabolic process  3  
GO:0010072  primary shoot apical meristem specification  2  
GO:0010205  photoinhibition  2  
GO:0043155  negative regulation of photosynthesis, light 
reaction  
2  
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GO:0044766  multi-organism transport  2  
GO:0046794  transport of virus  2  
GO:1902579  multi-organism localization  2  
GO:0044743  intracellular protein transmembrane import  4  
GO:0017038  protein import  5  
GO:0048584  positive regulation of response to stimulus  7  
GO:0065002  intracellular protein transmembrane transport  4  
GO:0006839  mitochondrial transport  3  
GO:0009809  lignin biosynthetic process  3  
GO:0010043  response to zinc ion  3  
GO:0010109  regulation of photosynthesis  3  
GO:0030163  protein catabolic process  13  
GO:0009064  glutamine family amino acid metabolic process  5  
GO:0016458  gene silencing  7  
GO:0007275  multicellular organismal development  68  
GO:0010051  xylem and phloem pattern formation  4  
GO:0006526  arginine biosynthetic process  2  
GO:0006637  acyl-CoA metabolic process  2  
GO:0019430  removal of superoxide radicals  2  
GO:0035383  thioester metabolic process  2  
GO:0071450  cellular response to oxygen radical  2  
GO:0071451  cellular response to superoxide  2  
GO:1990748  cellular detoxification  2  
GO:0010629  negative regulation of gene expression  11  
GO:0040011  locomotion  3  
GO:0045036  protein targeting to chloroplast  3  
GO:0072596  establishment of protein localization to chloroplast  3  
 
GO:0042440  pigment metabolic process  7  
GO:0018193  peptidyl-amino acid modification  11  
GO:0009910  negative regulation of flower development  3  
GO:0015977  carbon fixation  3  
GO:0072598  protein localization to chloroplast  3  
GO:0009637  response to blue light  4  
GO:0010228  vegetative to reproductive phase transition of 
meristem  
7  
GO:0006560  proline metabolic process  2  
GO:0010363  regulation of plant-type hypersensitive response  2  
GO:0031124  mRNA 3'-end processing  2  
GO:0072507  divalent inorganic cation homeostasis  2  
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GO:0044767  single-organism developmental process  72  
GO:0016042  lipid catabolic process  6  
GO:0046700  heterocycle catabolic process  6  
GO:2000241  regulation of reproductive process  8  
GO:0009749  response to glucose  3  
GO:0042435  indole-containing compound biosynthetic process  3  
GO:0090376  seed trichome differentiation  3  
GO:0044270  cellular nitrogen compound catabolic process  6  
GO:0048438  floral whorl development  7  
GO:0044707  single-multicellular organism process  68  
GO:0019439  aromatic compound catabolic process  7  
GO:0010218  response to far red light  3  
GO:0080135  regulation of cellular response to stress  3  
GO:0009725  response to hormone  34  
GO:0000303  response to superoxide  2  
GO:0000305  response to oxygen radical  2  
GO:0034250  positive regulation of cellular amide metabolic 
process  
2  
GO:0043484  regulation of RNA splicing  2  
GO:0043631  RNA polyadenylation  2  
GO:0045727  positive regulation of translation  2  
GO:0046185  aldehyde catabolic process  2  
GO:0046417  chorismate metabolic process  2  
GO:0090421  embryonic meristem initiation  2  
GO:0044255  cellular lipid metabolic process  20  
GO:0009640  photomorphogenesis  4  
GO:0009808  lignin metabolic process  4  
GO:0035194  posttranscriptional gene silencing by RNA  4  
GO:0010033  response to organic substance  40  
GO:0048767  root hair elongation  3  
GO:0048437  floral organ development  8  
GO:0006778  porphyrin-containing compound metabolic 
process  
5  
GO:0016054  organic acid catabolic process  5  
GO:0046395  carboxylic acid catabolic process  5  
GO:0009057  macromolecule catabolic process  21  
GO:0006099  tricarboxylic acid cycle  3  
GO:0009084  glutamine family amino acid biosynthetic process  3  
GO:0032502  developmental process  72  
GO:1901361  organic cyclic compound catabolic process  7  
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GO:0001678  cellular glucose homeostasis  2  
GO:0043562  cellular response to nitrogen levels  2  
GO:0061615  glycolytic process through fructose-6-phosphate  2  
GO:0098586  cellular response to virus  2  
GO:1990542  mitochondrial transmembrane transport  2  
GO:0009615  response to virus  4  
GO:0048532  anatomical structure arrangement  4  
GO:0055082  cellular chemical homeostasis  4  
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Appendix D: Enriched molecular functions GO terms in A8T  
GO.ID  Term  Count  
GO:0005198  structural molecule activity  35  
GO:0016853  isomerase activity  28  
GO:0003735  structural constituent of ribosome  31  
GO:0005507  copper ion binding  19  
GO:0003723  RNA binding  45  
GO:0004812  aminoacyl-Trna ligase activity  12  
GO:0016875  ligase activity, forming carbon-oxygen bonds  12  
GO:0016876  ligase activity, forming aminoacyl-tRNA and 
related compounds  
12  
GO:0016860  intramolecular oxidoreductase activity  7  
GO:0003824  catalytic activity  317  
GO:0016616  oxidoreductase activity, acting on the CH-OH 
group of donors, NAD or NADP as acceptor  
12  
GO:0017057  6-phosphogluconolactonase activity  3  
GO:0016628  oxidoreductase activity, acting on the CH-CH 
group of donors, NAD or NADP as acceptor  
5  
GO:0016491  oxidoreductase activity  69  
GO:0003743  translation initiation factor activity  12  
GO:0008135  translation factor activity, RNA binding  17  
GO:0070011  peptidase activity, acting on L-amino acid peptides  28  
GO:0003755  peptidyl-prolyl cis-trans isomerase activity  7  
GO:0051082  unfolded protein binding  8  
GO:0016859  cis-trans isomerase activity  7  
GO:0005525  GTP binding  17  
GO:0019001  guanyl nucleotide binding  17  
GO:0032561  guanyl ribonucleotide binding  17  
GO:0004340  glucokinase activity  2  
GO:0004829  threonine-tRNA ligase activity  2  
GO:0035671  enone reductase activity  2  
GO:0031072  heat shock protein binding  5  
GO:0003756  protein disulfide isomerase activity  3  
GO:0016864  intramolecular oxidoreductase activity, 
transposing S-S bonds  
3  
GO:0016627  oxidoreductase activity, acting on the CH-CH 
group of donors  
7  
GO:0016787  hydrolase activity  117  
GO:0036442  hydrogen-exporting ATPase activity  5  
GO:0004332  fructose-bisphosphate aldolase activity  3  
GO:0016830  carbon-carbon lyase activity  9  
GO:0046961  proton-transporting ATPase activity  4  
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GO:0009011  starch synthase activity  2  
GO:0008865  fructokinase activity  2  
 
GO:0019200  carbohydrate kinase activity  5  
GO:0036094  small molecule binding  130  
GO:0016614  oxidoreductase activity, acting on CH-OH group 
of donors  
12  
GO:0004559  alpha-mannosidase activity  3  
GO:0004298  threonine-type endopeptidase activity  4  
GO:0046933  proton-transporting ATP synthase activity, 
rotational mechanism  
4  
GO:0070003  threonine-type peptidase activity  4  
GO:0003979  UDP-glucose 6-dehydrogenase activity  2  
GO:0003984  acetolactate synthase activity  2  
GO:0070403  NAD+ binding  2  
GO:0016832  aldehyde-lyase activity  3  
GO:0008233  peptidase activity  30  
GO:0016863  intramolecular oxidoreductase activity, 
transposing C=C bonds  
2  
GO:0070402  NADPH binding  2  
GO:0015923  mannosidase activity  3  
GO:0000166  nucleotide binding  125  
GO:1901265  nucleoside phosphate binding  125  
GO:0004175  endopeptidase activity  16  
GO:0044769  ATPase activity, coupled to transmembrane 
movement of ions, rotational mechanism  
4  
GO:0008237  metallopeptidase activity  7  
GO:0051537  2 iron, 2 sulfur cluster binding  4  
GO:0008308  voltage-gated anion channel activity  3  
GO:0016744  transferase activity, transferring aldehyde or 
ketonic groups  
3  
GO:0005509  calcium ion binding  14  
GO:0005253  anion channel activity  3  
GO:0004373  glycogen (starch) synthase activity  2  
GO:0005536  glucose binding  2  
GO:0010277  chlorophyllide a oxygenase [overall] activity  2  
GO:0030060  L-malate dehydrogenase activity  2  
GO:0051117  ATPase binding  2  
GO:0000287  magnesium ion binding  9  
GO:0048037  cofactor binding  20  
GO:0015078  hydrogen ion transmembrane transporter activity  9  
GO:0016887  ATPase activity  17  
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GO:0000049  tRNA binding  3  
GO:0051087  chaperone binding  3  
GO:0050897  cobalt ion binding  4  
GO:0003857  3-hydroxyacyl-CoA dehydrogenase activity  2  
GO:0004396  hexokinase activity  2  
GO:0016408  C-acyltransferase activity  2  
 
GO:0016703  oxidoreductase activity, acting on single donors 
with incorporation of molecular oxygen  
2  
GO:0060590  ATPase regulator activity  2  
GO:0052689  carboxylic ester hydrolase activity  9  
GO:0016874  ligase activity  19  
GO:0003989  acetyl-CoA carboxylase activity  2  
GO:0003924  GTPase activity  8  
GO:0035639  purine ribonucleoside triphosphate binding  87  
GO:0009055  electron carrier activity  11  
GO:0016829  lyase activity  17  
GO:0003995  acyl-CoA dehydrogenase activity  2  
GO:0004176  ATP-dependent peptidase activity  2  
GO:0004345  glucose-6-phosphate dehydrogenase activity  2  
GO:0016421  CoA carboxylase activity  2  
GO:0016885  ligase activity, forming carbon-carbon bonds  2  
GO:0003729  mRNA binding  3  
GO:0044822  poly(A) RNA binding  3  
GO:0042623  ATPase activity, coupled  12  
GO:0016671  oxidoreductase activity, acting on a sulfur group of 
donors, disulfide as acceptor  
3  
GO:1901681  sulfur compound binding  3  
GO:0016653  oxidoreductase activity, acting on NAD(P)H, 
heme protein as acceptor  
2  
GO:0016820  hydrolase activity, acting on acid anhydrides, 
catalyzing transmembrane movement of 
substances  
9  
GO:0050661  NADP binding  5  
GO:0050662  coenzyme binding  15  
GO:0015399  primary active transmembrane transporter activity  9  
GO:0015405  P-P-bond-hydrolysis-driven transmembrane 
transporter activity  
9  
GO:0019829  cation-transporting ATPase activity  5  
GO:0042625  ATPase activity, coupled to transmembrane 
movement of ions  
5  
GO:0019904  protein domain specific binding  2  
GO:0051536  iron-sulfur cluster binding  6  
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GO:0051540  metal cluster binding  6  
GO:0031369  translation initiation factor binding  2  
GO:0019843  rRNA binding  4  
GO:0004222  metalloendopeptidase activity  5  
GO:0003872  6-phosphofructokinase activity  2  
GO:0008187  poly-pyrimidine tract binding  2  
GO:0008266  poly(U) RNA binding  2  
GO:0016861  intramolecular oxidoreductase activity, 
interconverting aldoses and ketoses  
2  
GO:0008236  serine-type peptidase activity  11  
GO:0017171  serine hydrolase activity  11  
 
GO:0070008  serine-type exopeptidase activity  5  
GO:0043168  anion binding  113  
GO:0016817  hydrolase activity, acting on acid anhydrides  33  
GO:0016615  malate dehydrogenase activity  2  
GO:0016701  oxidoreductase activity, acting on single donors 
with incorporation of molecular oxygen  
5  
GO:0042626  ATPase activity, coupled to transmembrane 
movement of substances  
8  
GO:0016831  carboxy-lyase activity  5  
GO:0043424  protein histidine kinase binding  2  
GO:0016765  transferase activity, transferring alkyl or aryl 
(other than methyl) groups  
4  
GO:0005244  voltage-gated ion channel activity  3  
GO:0015925  galactosidase activity  3  
GO:0016840  carbon-nitrogen lyase activity  3  
GO:0022832  voltage-gated channel activity  3  
GO:0008443  phosphofructokinase activity  2  
GO:0043022  ribosome binding  2  
GO:0008238  exopeptidase activity  6  
GO:0016667  oxidoreductase activity, acting on a sulfur group of 
donors  
6  
GO:0016790  thiolester hydrolase activity  2  
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Appendix E: Enriched cellular components GO terms in A8T  
 
GO.ID  Term  Count  
GO:0005737  cytoplasm  358  
GO:0044444  cytoplasmic part  337  
GO:0005622  intracellular  406  
GO:0005623  cell  426  
GO:0044464  cell part  424  
GO:0044424  intracellular part  395  
GO:0043229  intracellular organelle  331  
GO:0043226  organelle  331  
GO:0009536  plastid  158  
GO:0009507  chloroplast  153  
GO:0044446  intracellular organelle part  201  
GO:0044422  organelle part  201  
GO:0043231  intracellular membrane-bounded organelle  308  
GO:0043227  membrane-bounded organelle  308  
GO:0044435  plastid part  109  
GO:0044434  chloroplast part  107  
GO:0005829  cytosol  106  
GO:0009532  plastid stroma  62  
GO:0009570  chloroplast stroma  60  
GO:0031967  organelle envelope  67  
GO:0031975  envelope  67  
GO:0009535  chloroplast thylakoid membrane  44  
GO:0055035  plastid thylakoid membrane  44  
GO:0005739  mitochondrion  69  
GO:0009534  chloroplast thylakoid  48  
GO:0031976  plastid thylakoid  48  
GO:0042651  thylakoid membrane  45  
GO:0009579  thylakoid  54  
GO:0034357  photosynthetic membrane  45  
GO:0031984  organelle subcompartment  55  
GO:0009526  plastid envelope  48  
GO:0032991  macromolecular complex  111  
GO:0044436  thylakoid part  45  
GO:0009941  chloroplast envelope  45  
GO:0030529  ribonucleoprotein complex  55  
GO:0031090  organelle membrane  57  
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GO:0005840  ribosome  43  
GO:0043228  non-membrane-bounded organelle  71  
GO:0043232  intracellular non-membrane-bounded organelle  71  
 
GO:0005618  cell wall  36  
GO:0030312  external encapsulating structure  36  
GO:0043233  organelle lumen  35  
GO:0070013  intracellular organelle lumen  35  
GO:0031974  membrane-enclosed lumen  35  
GO:0044428  nuclear part  38  
GO:0031981  nuclear lumen  32  
GO:0098805  whole membrane  34  
GO:0019866  organelle inner membrane  19  
GO:0005774  vacuolar membrane  27  
GO:0044437  vacuolar part  27  
GO:0044445  cytosolic part  18  
GO:0043234  protein complex  62  
GO:0098798  mitochondrial protein complex  13  
GO:0098800  inner mitochondrial membrane protein complex  12  
GO:0009506  plasmodesma  33  
GO:0055044  symplast  33  
GO:0005911  cell-cell junction  33  
GO:0030054  cell junction  33  
GO:0022626  cytosolic ribosome  17  
GO:0071944  cell periphery  78  
GO:0031969  chloroplast membrane  12  
GO:0098796  membrane protein complex  28  
GO:0005773  vacuole  34  
GO:0042170  plastid membrane  12  
GO:0098588  bounding membrane of organelle  39  
GO:0044429  mitochondrial part  20  
GO:0005730  nucleolus  20  
GO:1990204  oxidoreductase complex  12  
GO:0098803  respiratory chain complex  9  
GO:0048046  apoplast  19  
GO:0005740  mitochondrial envelope  17  
GO:0031966  mitochondrial membrane  16  
GO:0005746  mitochondrial respiratory chain  9  
GO:0044455  mitochondrial membrane part  13  
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GO:0005743  mitochondrial inner membrane  13  
GO:0000502  proteasome complex  10  
GO:0044391  ribosomal subunit  15  
GO:0005777  peroxisome  13  
GO:0042579  microbody  13  
GO:0070469  respiratory chain  9  
 
GO:0045259  proton-transporting ATP synthase complex  7  
GO:1902494  catalytic complex  20  
GO:0005886  plasma membrane  54  
GO:0009505  plant-type cell wall  12  
GO:0044451  nucleoplasm part  13  
GO:0031968  organelle outer membrane  9  
GO:0005747  mitochondrial respiratory chain complex I  6  
GO:0005654  nucleoplasm  14  
GO:0030964  NADH dehydrogenase complex  6  
GO:0045271  respiratory chain complex I  6  
GO:0016469  proton-transporting two-sector ATPase complex  8  
GO:0019867  outer membrane  9  
GO:0005783  endoplasmic reticulum  25  
GO:0012505  endomembrane system  45  
GO:0009706  chloroplast inner membrane  6  
GO:0009528  plastid inner membrane  6  
GO:0005576  extracellular region  28  
GO:0008023  transcription elongation factor complex  3  
GO:0016282  eukaryotic 43S preinitiation complex  4  
GO:0033290  eukaryotic 48S preinitiation complex  4  
GO:0070993  translation preinitiation complex  4  
GO:0015934  large ribosomal subunit  8  
GO:0031977  thylakoid lumen  6  
GO:0019773  proteasome core complex, alpha-subunit complex  3  
GO:0009543  chloroplast thylakoid lumen  5  
GO:0031978  plastid thylakoid lumen  5  
GO:0005634  nucleus  96  
GO:0045261  proton-transporting ATP synthase complex, 
catalytic core F(1)  
4  
GO:0022625  cytosolic large ribosomal subunit  6  
GO:0005839  proteasome core complex  4  
GO:0010319  stromule  4  
GO:0016607  nuclear speck  4  
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GO:0005852  eukaryotic translation initiation factor 3 complex  4  
GO:0009707  chloroplast outer membrane  4  
GO:0005741  mitochondrial outer membrane  5  
GO:0009527  plastid outer membrane  4  
GO:0016591  DNA-directed RNA polymerase II, holoenzyme  4  
GO:0015935  small ribosomal subunit  7  
GO:0016604  nuclear body  5  
GO:0009295  nucleoid  4  
GO:0005749  mitochondrial respiratory chain complex II, 
succinate dehydrogenase complex (ubiquinone)  
2  
GO:0016593  Cdc73/Paf1 complex  2  
GO:0045257  succinate dehydrogenase complex (ubiquinone)  2  
GO:0045273  respiratory chain complex II  2  
GO:0045281  succinate dehydrogenase complex  2  
GO:0045283  fumarate reductase complex  2  
GO:0005759  mitochondrial matrix  4  
GO:0033178  proton-transporting two-sector ATPase complex, 
catalytic domain  
4  
GO:0008540  proteasome regulatory particle, base subcomplex  2  
GO:0009533  chloroplast stromal thylakoid  2  
GO:0010287  plastoglobule  5  
GO:0009654  photosystem II oxygen evolving complex  3  
GO:0005794  Golgi apparatus  22  
GO:0005838  proteasome regulatory particle  2  
GO:0022624  proteasome accessory complex  2  
GO:0019013  viral nucleocapsid  5  
GO:0055029  nuclear DNA-directed RNA polymerase complex  4  
GO:0019898  extrinsic component of membrane  4  
GO:0045263  proton-transporting ATP synthase complex, 
coupling factor F(o)  
2  
GO:0000428  DNA-directed RNA polymerase complex  4  
GO:0030880  RNA polymerase complex  4  
GO:0019028  viral capsid  5  
GO:0005665  DNA-directed RNA polymerase II, core complex  2  
GO:0019012  virion  5  
GO:0044423  virion part  5  
GO:0080008  Cul4-RING E3 ubiquitin ligase complex  2  
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